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Abstract
Although exchange bias was discovered more than four decades ago, a satisfactory
understanding of every instance of exchange bias observed in experiment has not yet
emerged. Understanding exchange bias is complicated by many factors. For example,
details of the antiferromagnet interface structure set up during the initial field cooling,
thermal activation processes in the ferromagnet and antiferromagnet, and domain
formation and domain wall movement in the antiferromagnet are all important in
determining features associated with exchange bias.
Two exchange bias systems are investigated in this thesis. One is a disordered system:
a single layer Co/CoO film with random interfaces prepared by a reactive RF sputtering
technique. The other is a ‘model’ system of Fe/KFeF3 bilayers with compensated
interfaces prepared by molecular beam epitaxy (MBE). The central theme of this work is
to understand exchange bias and other related magnetic properties in these two very
different systems.
The Co/CoO exchange bias system studied here is different in structure from
conventional exchange bias systems such as bilayer and multilayer systems where
interfaces between ferromagnet and antiferromagnet are reasonably well defined. In this
Co/CoO system, the Co and CoO is in the form of particles distributed randomly in a
sputtered film. The interfaces between the Co and CoO are randomly distributed and may
not be continuous over a large length scale. More importantly, the interface area is
dependent on the shape and size of the particles and on their distribution. Many unique
magnetic properties are related to the random interface in this system. For example,
exchange bias and coercivity obtained at low temperatures are very large due to the large
interface area between Co and CoO particles. The interface area can be controlled by
changing the Co/CoO mass ratio in the film. Unlike in bilayer systems, film thickness in
this single layer Co/CoO system turns out not to be critical for exchange bias and
coercivity. The independence of film thickness may be technically important. More
interestingly, because the interface is random, exchange bias can be setup by field cooling
in any direction.
Both training and magnetic viscosity effects were studied and provided evidence of
thermal activation processes in this Co/CoO system. Training is explained as formation
of a domain wall in the CoO with motion limited locally due to limited continuity of
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interfaces between the Co and CoO. Specific magnetization measurements over time were
made and studied using viscosity theory. The magnetic viscosity was found to be strongly
temperature dependent. There is a broad distribution of blocking temperatures which
might be due to a broad distribution of Co particle sizes.
Epitaxial Fe/KFeF3 were grown using MBE. All samples show exchange bias at low
temperatures although the interface should be fully compensated. A large rotatable
anisotropy (Hrot) appears simultaneously with a small bias field for single crystalline
samples. Many striking features found in this system may be related to a weak
ferromagnetic transition (WFT) resulting in a ferromagnetic spin canting in the KFeF3 at
low temperature. The occurrence of this WFT may depend on several key parameters,
such as temperature, defects in the KFeF3 and film thickness. All samples show training
effects which depend on temperature and the crystalline structure of KFeF3. Single
crystalline samples show small training effect at low temperature (5 K) and no training at
temperatures above 10 K. Polycrystalline samples show very large training effects at low
temperature and small training effects at temperatures above 40 K. Results from thermal
pulse experiments are reported and used to confirm the existence of the WFT in the
KFeF3.
Fe/KFeF3 samples were also studied by FMR. Different anisotropies are obtained by
fitting the FMR data. Two resonant peaks in the FMR spectrum are distinguished as one
from the seed layer Fe (with large twofold anisotropy) and the other one from the main
layer Fe (with fourfold anisotropy). Similar trend of the temperature dependences of
exchange bias and Hrot suggests they may have the same origins. Hence, the different
values of Hrot obtained in different crystalline directions of Fe can explain the different
values of exchange bias acquired by SQUID in different crystalline directions. Linewidth
of FMR peak is also discussed.
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Chapter 1 Introduction
The study of magnetic properties of thin films provides information on fundamental
magnetization processes and in turn has direct application to the development of practical
devices and systems. When the thickness of the films is of the order of nanometers, their
properties are usually completely different from those of the same materials in bulk form.
Compared to other low dimension materials, like very fine particles, the interface of thin
films and multilayers can be effectively controlled and characterized. Therefore, they are
ideal model systems for the study of some fundamental physical mechanisms. The results
can then be used for the design of materials with improved performance.
In this project, particular attention has been given to exchange biased thin film systems
because of the wide range of (potential) applications and the rich physical mechanisms
involved. The objectives of this project are to make novel magnetic thin films and
multilayers and to investigate their microstructure and magnetic properties. This will be
followed by exploring theoretical models to reveal the physical mechanisms governing
the relationship between the microstructures and magnetic properties.
Two exchange bias systems are investigated in this thesis. One is a disordered system:
a single layer Co/CoO film with random interfaces prepared by a reactive RF sputtering
technique. The other is a ‘model’ system of Fe/KFeF3 bilayers with compensated
interfaces prepared by molecular beam epitaxy (MBE) and low crystalline anisotropy of
KFeF3. The central theme of this work is to understand exchange bias and other related
magnetic properties in these two very different systems.
This chapter is arranged as follows. Section 1.1 describes the phenomena of exchange
bias, then followed by a brief review of the applications in Section 1.2. Then in
Section 1.3, the problems addressed, the aim of this thesis and relevant theories are
mentioned. A brief thesis outline is followed in Section 1.4.

1.1 Phenomena of Exchange Bias
The exchange bias (HE) phenomenon was first observed in fine (~20 nm) cobalt
particles with a cobatous oxide shell more than four decades ago by Meiklejohn and
Bean.1, 2 The traditional signature of exchange bias is a shift of hysteresis loop which is
schematically shown in Fig. 1-1. The shift of the hysteresis loop indicates the presence of
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a unidirectional anisotropy (exchange anisotropy) in that it produces one easy direction of
magnetization.1, 3 Unidirectional anisotropy arises from the direct exchange coupling at
the interface between a ferromagnet (FM) and an antiferromagnet (AFM) when the
sample has been cooled through the Néel temperature TN under a magnetic field.
The exchange bias HE and coecivity Hc in Fig. 1-1 are defined by the following:
H E = ( H c1 + H c2 ) ⁄ 2

(1.1)

H c = ( H c2 – H c1 ) ⁄ 2

(1.2)

where Hc1 and Hc2 are the left hand side coercivity and right hand side coercivity,

Magnetization

respectively. In most cases, HE is negative and Hc is positive.

H

H

c1

c

H

c2

0
H

E

0
Magnetic Field
Figure 1-1. Hysteresis loop to show the definition of exchange bias (HE) and coercivity (Hc). HE = (Hc1 +
Hc2)/2 and Hc = (Hc2 - Hc1)/2. As a result of the definition, HE is negative if the hysteresis loop centre
shifts to the left and positive if the hysteresis loop centre shifts to the right.

The exchange bias has attracted a lot of attention since its discovery both with respect
to applications and a full theoretical understanding. Comprehensive reviews, which
address experiments and theories, can be found in Nogués and Schuller,4 Berkowitz and
Takano,5 Stamps6 and Kiwi.7
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1.2 Applications
There are many (potential) applications based on the exchange coupling between FM
and AFM nowadays. Examples are given as follows.

1.2.1 Domain and magnetization stabilizer
When a FM/AFM system goes through Néel temperature of the AFM either with or
without an external field, some of the AFM spins will be frozen acting as a domain
stabilizer for the FM through exchange coupling between the FM and AFM.
Consequently, the magnetization of the FM can be stabilized in whichever direction is
desired because of the pinning effect from the AFM. The magnetic exchange coupling
induced by the presence of an AFM can provide an extra source of anisotropy to overcome
superparamagnetic limit caused by thermal fluctuations when the dimension of magnetic
elements reduces below certain value, leading to magnetization stability.8 The recording
media density can then be increased by reducing the dimension of recording elements
without losing their stable magnetic order utilizing exchange coupling with AFM.

1.2.2 Spin-valve
Since the discovery of Giant Magnetoresistance (GMR)9, 10 in magnetic films with
exchange bias structure, GMR has drawn a lot attention due to its numerous technological
applications such as in magnetic recording and sensors. The largest is in the data storage
industry based on GMR technology. Other applications are as diverse as solid-state
compasses, automotive sensors, non-volatile magnetic memory and the detection of
landmines.
Spin valve effect is a type of magnetoresistance that is in general a sample consisting
essentially of a GMR trilayer. Fig. 1-2 illustrates the structure of such devices where two
magnetic layers are separated by a non-magnetic conducting spacer layer. One layer is
magnetically soft which is very sensitive to small fields. The other layer is pinned or
exchange biased by an antiferromagnetic material, hence, it is magnetically hard and
insensitive to fields of moderate size. As the magnetization of the soft “free” layer
changes due to applied fields while the hard layer magnetization remains in its initial
direction, the resistance of the whole structure will vary accordingly.
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Figure 1-2. Scheme of a spin valve. FM1 is “soft” and can be flipped with a trace field. FM2 is exchange
coupled with an AFM and relatively “hard” and insensitive to the trace field. (a) FM1 and FM2 are parallel
resulting in small resistance since spin up or down electrons (half of the population) can pass through
without difficulty; (b) FM1 and FM2 are antiparallel resulting in large (giant) resistance since both spin up
and spin down electrons are affected either by FM1 or FM2. (After Wee PhD thesis, 200211)

Another important application of spin valve is magnetic random access memories
(MRAMs), which use an array of GMR elements or spin-valve-like (SVL) storage
elements.12—15 MRAM has been called the “ideal memory”. The advantages are no
moving parts, no head, and the ability to access information at an arbitrary sequence of
addresses (random access) as opposed to sequential access as in tape and disk storage.13

1.3 Problems addressed and relevant theories
Exchange bias has not been fully understood since its discovery more than four
decades ago.4—7 As exchange bias is an interface effect, all the existing theories are
somehow dealing with the interface spin structures. However, it is not easy to tackle this
problem either theoretically or experimentally. Firstly, AFM spin configuration at the
interface is not necessary identical to the bulk magnetic ordering16 due to the defects, such
as roughness, dislocations, strain and chemical inhomogeneity - induced by sample
preparation processes. Therefore, at the interface of the AFM, atoms can relax or
reconstruct and AFM domains may be formed or the spins can reorient to compensate for
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the local structural changes. Another important factor is the AFM anisotropy as for large
anisotropy, the interfacial spins tend to remain in their bulk configuration.7 The AFM spin
configuration may also be affected by temperature and cooling field. Furthermore, the
interface spin structures may change within experimental time due to thermal
fluctuation.17, 18 As a result, exchange bias may change accordingly. Secondly, there are
not sufficient experimental techniques to investigate the spin structures at interfaces
which are buried deep inside the film, and the AFM change can merely be indirectly
deduced from the change of FM.

1.3.1 Interface structure
Fig. 1-3 shows two most-widely-discussed ideal interface structures between FM and
AFM: (a) a fully uncompensated interface with the first layer AFM spins aligned
ferromagnetically to the FM spins; and (b) a fully compensated interface with no net spin
moment due to equal numbers of two AFM sublattice spins at the interface. However, the
interface spin structure may be different from what is shown in Fig. 1-3 due to various
reasons. Details will be discussed later in this chapter.

Ha

Ha
FM

AFM

(a) Fully uncompensated

(b) Fully compensated

Figure 1-3. Interface structure: (a) Ferromagnetic coupling (fully uncompensated); (b) Antiferromagnetic
coupling (fully compensated). Ha is the external applied field. The interface is denoted by a dashed line.

1.3.2 Early theoretical model and problems
An intuitive model was first developed by Meiklejohn3 based on coherent rotation of
FM and AFM magnetization. The interface structure is shown in Fig. 1-3a. The first layer
AFM spins are ferromagnetically aligned during the field-cooling process though the
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Néel temperature TN of the AFM. The energy per unit of interface area is defined by the
following expression:
2

2

ε = – H M F t F cos ( θ – β ) + K F t F sin ( β ) + K AF t AF sin ( α ) – J F ⁄ AF cos ( β – α ) (1.3)
where H is the applied field, MF the ferromagnet saturation magnetization, tF (tAF) the
thickness of ferromagnet (antiferromagnet), KF (KAF) the bulk anisotropy of the FM
(AFM) and JF/AF the interfacial exchange constant. The angles are defined as follows: α
is the angle formed by M AF and the AFM anisotropy axis, β is the angle formed by M F
and the AFM anisotropy axis, and θ is the angle formed by H a and the AFM anisotropy
axis. Neglecting the KF, which in general is much smaller than KAF, and minimizing with
respect to α and β, the exchange bias HE is defined by the following:
J F ⁄ AF
H E = -----------------a 2M F t F

(1.4)

where a is the lattice parameter. The order of HE depends on the unknown parameter JF/
AF.

Assuming J F ≥ J F ⁄ AF ≥ J AF , the resulting value of HE is orders of magnitude larger

than that experimentally observed.3,

19, 20

Another important result from this energy

minimization is that the condition K AF t AF ≥ J F ⁄ AF is required for the observation of
exchange bias.3 Coercivity Hc = 2KF/Ms obtained from this model remains the same as
the intrinsic coercivity of the ferromagnet. This is contrary to most of the experimental
observation where Hc is enhanced.4, 21, 22
Meanwhile, the spin configuration shown in Fig. 1-3b for compensated interface
should result in zero HE as the AFM spins pinning the FM layer cancel.3, 4 However, all
experimental systems4 including the Fe/KFeF3 system23 studied in this thesis with
compensated interface show exchange bias. Therefore, rectification of the above model is
needed to deal with the discrepancy. To date, a satisfactory understanding of every
instance of exchange bias observed in experiment has not yet emerged.4, 7 Understanding
exchange bias is complicated by many factors. For example, details of the AFM interface
structure set up during the initial field cooling, thermal activation processes in the FM and
AFM, and domain formation and domain wall movement in the antiferromagnet are all
important in determining features associated with exchange bias.
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1.3.3 Models developed later
A lot of theories have been developed in order to meet the discrepancy between the first
intuitive model mentioned above and the experiment results. Here we review briefly some
of them and try to explain our experimental results with the relevant one(s).
Néel formulated a model that applied to a system which consists of a weakly
anisotropic uncompensated AFM interface layer (see Fig. 1-3a) ferromagnetically
coupled across the interface to an FM. With the assumption of uniaxial anisotropy, Néel
found for the first time that domains can develop both in FM and AFM under certain
conditions, such as continuum approximation.19 Consequently, the magnitude of HE is
lowered. However, the width of the FM and AFM requires a minimum value due to the
continuum approximation. Thus, its application to exchange bias systems is quite
restricted.
Mauri et al.24 suggested a model showing that HE would reach a limiting value no
matter how large the exchange coupling is. The limit is due to domain wall formation in
the antiferromagnet. This model is a widely accepted base of domain wall models
although some of the assumptions made are debatable,4,

7, 25—31

for example,

antiferromagnetic (AF) interface coupling is possible and Nogués et al.25 have
experimentally confirmed that AF interface coupling is necessary to observe positive
exchange bias. The total energy in Mauri’s model is expressed by the following:

σ AF
E = – H M F t F cos ( θ – θ H ) – J F ⁄ AF cos ( θ – α ) + ---------- ( 1 – cos α )
2

(1.5)

where σ AF = 4 AK 32 is the domain wall energy, depending on the exchange stiffness
A and the magnetocrystalline anisotropy K. The other notations are the same as in Eq. 1.4.
The bias field derived from Eq. 1.5 is as following:

HE

J F ˙⁄ AF
cos θ H
= – -------------- ---------------------------------------------------------------------------------------M F t F 2J
2
2J F ⁄ AF⎞
F ⁄ AF⎞
⎛ ---------------- + 2 ⎛ ---------------- sin θ H + 1
⎝ σ AF ⎠
⎝ σ AF ⎠

(1.6)

Compared with Eq. 1.4, a correction (reduction) term appears in Eq. 1.6 which
provides reasonable estimates of the exchange bias. This model corresponds to an extreme
case where KAF is very large and the FM layer is very much thinner than the FM domain
wall width δ F = π A ⁄ K 32.
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For a real exchange bias systems, there are inevitable defects in the interface due to
imperfect sample preparation process. Malozemoff29 proposed a model of exchange
anisotropy due to the assumption of rough FM/AFM compensated and uncompensated
interfaces where the random interface roughness gives rise to a random magnetic field that
acts on the interface spins, yielding unidirectional anisotropy which causes the hysteresis
loop shift. He argued that HE is given by the following expression
J AF K AF
2
H E = ------------- ------------------MF tF
a

(1.7)

The magnitude of HE derived from Eq. 1.7 is reduced by two orders of the magnitude
derived from Eq. 1.4.

1.3.4 Fully compensated interface
Exchange bias in systems with a fully compensated interface where no net interfacial
moments exist is still not understood. The early theory by Meiklejohn3 results in zero HE
as spins cancel in a compensated interface. Since then, several theories have been
proposed to study the HE in compensated AFM. Koon26 presented a microscopic
explanation of HE due to an irreversible AFM domain wall and found a perpendicular
orientation between the FM/AFM axis directions - spin-flop state. Schulthess and
Butler33 showed that spin-flop coupling gave rise to a uniaxial anisotropy rather than
leading to HE with consideration of magnetostatic interactions for a perfectly flat interface
and attributed HE to the interfacial defects similar to Malozemoff’s random field.29 Kiwi
et al.31 demonstrated that the HE energy is reversibly stored in a spring-like magnet, or
incomplete domain wall, in the FM based on the AF interface freezing into a metastable
canted spin configuration. The possible domain wall structures, depending on the
antiferromagnetic anisotropy KAF, are shown in Fig. 1-4. The initial field cooled state is
given in Fig. 1-4a. Note that JF/AF in this figure is assumed to be antiferromagnetic in
sign. If KAF is sufficiently small, significant deformation of the antiferromagnetic spin
structure is allowed with the magnetisation reversal of the ferromagnet. A “twist” domain wall - is formed in the AFM, as illustrated in Fig. 1-4b. Kiwi31 proposed a model
in which the energy cost of antiferromagnetic domain walls is very high - KAF is very
large, He has allowed a domain wall formed through the thickness of the ferromagnet
layer. This approach also yields bias shifts smaller than the one predicted by Eq. 1.4.
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(a)

(b)

(c)

Figure 1-4. Partial wall model. The interface is denoted by a dashed line.Ha is a saturating applied field.
(a) Initial field cooled state; (b) a partial domain wall is in the antiferromagnet layer. (c) a partial domain
wall is in the ferromagnet.

Stamps34 presented a theory for thermally driven time dependent magnetization
processes and showed HE is created by the formation of partial walls in the
antiferromagnet. The bilinear and biquadratic exchange coupling energies were used.
Mewes et al.35 used a vector spin model to show the frustrations within a multisublattice
antiferromagnet can lead to fourfold magnetic anisotropies acting on an exchangecoupled ferromagnetic film. Possibilities for the existence of HE are examined and shown
to exist for the case of weak chemical disorder at the interface in an otherwise perfect
structure. Suess et al.36 proposed that HE and Hc are controlled by lateral domain-wall
formation between exchange-coupled grains in the antiferromagnet. Mews and Stamps37
showed a distribution of anisotropies in the antiferromagnet can lead to the appearance of
HE and an enhanced coercivity.
In our model system Fe/KFeF3, the FM Fe thickness is at maximum 2.1 nm which is
much less than the estimated domain wall width, δ F, in Fe which is of the order of 100
nm.19 Therefore, partial walls in FM proposed by Kiwi do not play a significant role in
exchange bias. Note that most of the samples investigated in this thesis have single
crystalline KFeF3 which magnetocrystalline anisotropy is small.
Due to the different configurations of AFM spins with respect to the FM spin direction,
the strength of exchange coupling may be quite different. Consequently, the resultant
9
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exchange bias HE (also coercivity Hc) and the further evolution of both FM and AFM spin
structures (magnetic properties) under a magnetic field at a constant or variable
temperature will differ accordingly. In reality, the interface structure may be more
complex due to the defects. And the AFM anisotropy may also play an important role.

1.3.5 FM thickness tFM dependence
Many models mentioned above predict that HE is proportional to 1/tFM, for example,
in Eq. 1.4 and Eq. 1.7.
In the Co/CoO system, Co is in a form of particle in a CoO matrix. The Co particle
sizes (analogue to the FM thickness in a film) have a broad distribution. We express HE
as a function of the Co content in the film since the interface areas, accounting for the
magnitude of HE, between Co and CoO depend on the Co content. There is a broad peak
of HE over the Co content found in this system. Largest values of HE and Hc measured at
10 K for a sample field cooled are found to be 7 kOe and 10 kOe, respectively.
In the Fe/KFeF3 model system, a linear dependence of HE on 1/tFM is found, which fits
the theoretical prediction.

1.3.6 Training effect and temperature dependence
Training effect is defined as the hysteresis loop either (1) shrinks with the field cycles
from both sides, especially from the biased side or (2) shifts towards the opposite (pinned)
direction of the exchange bias and accompanied by a loop shrinkage. Training effect has
been observed in many exchange bias systems.2, 38 which reflects the domain movement
and thermal fluctuation in antiferromagnet. Néel explained the first type by an analogy to
“tilting” effect observed in M-H curves in Rayleigh region (magnetism in low fields) of
ferromagnetic particle assembly. Zhang et al. found that the type of the training effect
changes from the first type to the second type with the increase of the AFM-layer
thickness in FM/AFM exchange coupled systems.39
However, experimental results suggest that some thermal effect is also responsible for
the training effect. In exchange bias systems, the magnetization reversal can be different
for the ascending and descending part of the hysteresis loop. Field cooling forces the thin
AF-layer into a single domain state with the sublattice magnetization direction essentially
parallel (or antiparallel) to the Co magnetization direction. This metastable original state
characterized by very large exchange bias field HE is destroyed upon the first
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magnetization reversal and transformed into a stable multidomain state with a much lower
HE.38—42
We found that our experimental results of the disordered system Co/CoO with
uncompensated interface and the model system Fe/KFeF3 with compensated interface
support the domain theory. The details will be shown in the following chapters. All the
discussion is in the light of the domain theory.

1.3.7 Magnetic viscosity behaviour (time dependence)
Time dependent magnetization (magnetic viscosity or magnetic after-effect) is a
universal phenomenon which may be observed in all magnetic materials exhibiting
hysteresis.43,

44

Street et al related this phenomenon to the intrinsic properties of the

magnetic materials by considering the thermal activation of different metastable
magnetization states over energy barriers.45, 46
For systems with a wide range of energy barriers the variation of magnetization is
linear with ln t.43
M( t ) = M 0 – S( H ) ln ( t + t 0 )

(1.8)

where M0 is the value of magnetization at time(t) = 0, S(H) is the magnetic viscosity
coefficient and t0 is an offset to account for the initial reversal processes not measured.48
Nonlinear M(t) vs. ln(t), anomalous magnetic viscosity, has also been observed.49, 50
Another important parameter Λ - magnetic viscosity is related with S, temperature T
and thermal activation energy E - is defined as following47, 48
∴

∂E
--------∂Hi

M irr

kT
= – -----Λ

(1.9)

The parameter Λ is directly related to the field dependence of the activation energy
required to activate the irreversible domain processes responsible for magnetic viscosity
effects. The value of ∂ E ⁄ ∂ H i
is determined by the physical nature of the domain
M irr

processes involved. Expressions for ∂E/∂H for different models of magnetization
behaviour may be calculated and compared with measured values of Λ. In Néel’s model
of viscosity,44 the effects of thermal energy on magnetization were represented by a
fictitious fluctuation field Hf which is identical with the parameter Λ.
In both Co/CoO and Fe/KFeF3 systems, viscosity effect is found. In the disordered Co/
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CoO system, the magnetic viscosity can be explained with ordinary viscosity theory
resulted possibly from a broad distribution of energy barriers in this system. However,
anomalous magnetic viscosity is discovered in the model Fe/KFeF3 system due to a
possible narrow distribution of energy barriers. In both systems, the unidirectional
anisotropy induced by exchange coupling also has an effect on the viscosity behaviour.

1.3.8 Ferromagnetic resonance (FMR)
FMR is when magnetization vector undergoes precessional motion when disturbed
from equilibrium. The magnetization vector will precess upon application of a smaller
oscillating magnetic field perpendicular to the equilibrium magnetization vector. The
precession can then be driven by varying the strength of this small field over time. For
typical materials and operating conditions, this small field is supplied by the magnetic
component of microwave radiation. Resonance will occur at a frequency proportional to
the strength of the static field. The microwave power absorbed by the magnetic sample as
a function of frequency can be monitored and the power is proportional to the square of
the amplitude of the precession. In practice, it is easier to keep the frequency fixed and
vary the strength of the static field very slowly rather than to vary the frequency of the
microwave field during a conventional cavity experiment.
One of the reasons for the continued interest on exchange bias is the fact that different
experimental techniques, such as magneto-optical Kerr effect (MOKE), Brillouin light
scattering (BLS), ferromagnetic resonance (FMR), and magnetometry, may yield
different exchange anisotropy values.51—59 In some cases, this was attributed to the fact
that the measurements are performed on different sets of samples.53 Another source for
the discrepancy could be the reliability of the model used in the experimental data
interpretation.58 It has also been shown59 that the exchange-bias field values derived from
magnetization and FMR measurements, must, in general, give different values in the
framework of the domain-wall formation (DWF) model which assumes formation of a
planar domain wall at the AFM side of the interface with the reversal of the FM
orientation.58, 52 FMR has proved to be a powerful technique to understand the interface
quality, exchange coupling and magnetic anisotropy in exchange bias systems.61

1.4 Thesis outline
Two exchange bias systems are much studied in this thesis. One is a disordered system
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- a single layer Co/CoO film with random interfaces. The other is a ‘model’ system of Fe/
KFeF3 bilayers with compensated interfaces. In this thesis, exchange bias and other
related magnetic properties are studied using these two different systems.
In our disordered Co/CoO system with assumed fully uncompensated interfaces
distributed randomly shown in Chapter 2, there is evidence to suggest domain formation
in FM Co and AFM CoO. Therefore, the magnetic behaviours of this system will be
discussed in the light of the domain formation theory accordingly. It will be shown that
thermal fluctuation also exists in this Co/CoO system and may affect the bias and other
magnetic behaviours as well.
The Co/CoO system has random interfaces which are supposed to be uncompensated.
Very large HE and Hc are found in this system. The Fe/KFeF3 system interfaces are
supposed to be compensated. This system is interesting because the AFM KFeF3 is a well
characterized Heisenberg antiferromagnet with low anisotropy and cubic structure. The
central areas of investigation are the interface structure and crystalline structures of FM
and AFM and the effects on the magnetic properties.
The experimental results of the disordered system Co/CoO are shown in Chapter 2.
This chapter describes HE and Hc in a disordered system single film with a mixture of FM
(Co) and AFM (CoO). The structure is different from the conventional exchange bias
systems such as bilayer (multilayer) system where interfaces between FM and AFM are
known with limited areas and fixed position. In this Co/CoO system, however, Co or CoO
is in the form of particles distributing in a matrix of its counterpart. The interfaces between
Co and CoO are random and may not be continuous over a large scale, and more
importantly, the interface area is dependent on the shape and size of the particles of Co
and on their distribution. The relative mass ratio of Co and CoO also accounts for the
interface area, thus playing an important role in determining HE. The magnetic properties
in this Co/CoO system - including HE, Hc, temperature dependence and thermal effects
such as magnetic viscosity - are investigated.
In order to investigate the mechanism of exchange bias without too many
complications like in the disordered Co/CoO system, we will study a ‘model’ system Fe/
KFeF3, with an assumed fully compensated interface, prepared by molecular beam
epitaxy (MBE) in Chapter 3, Chapter 4 and Chapter 5.
In Chapter 3, results of epitaxial growth and structural characterization of Fe/KFeF3
bilayers are presented. This is a model system with compensated interface. Samples with
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single crystalline and polycrystalline KFeF3 are investigated and compared. HE and other
magnetic properties of different samples with different thicknesses of FM Fe and AFM
KFeF3 are studied.
In Chapter 4, the thermal fluctuation aftereffect has been characterized by a
superconducting quantum interference device (SQUID) magnetometry. The magnetic
viscosity, training effect and thermal pulse measurements show that the AFM KFeF3
crystalline structure and thickness play a key role in the thermal fluctuation aftereffect.
Chapter 5 describes the high frequency measurements - ferromagnetic resonance
(FMR) on the Fe/KFeF3 samples. Different anisotropies are obtained by fitting the FMR
data with theoretical calculation parameters. Two resonant peaks in the FMR spectrum are
distinguished: one from the seed layer Fe and the other one from the main layer Fe.
Rotational anisotropy (Hrot) is found and discussed. The relationship between the
interface quality, crystalline structure of AFM, exchange coupling and magnetic
anisotropy in this model system is discussed.
A summary of the thesis is provided in Chapter 6.
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Chapter 2 Disordered System
This chapter describes a disordered system - a single layer Co/CoO film with random
interfaces prepared by a reactive RF sputtering technique. The aim is to investigate the
relationship between exchange bias and the film microstructure of this system.
Meanwhile, other related magnetic properties, such as coercivity, training effect and
thermal fluctuation are also studied.
This system, made by radio frequency (RF) reactive sputtering technique, is a single
film with a mixture of FM (Co) and AFM (CoO), which is different in structure from
conventional exchange bias systems such as bilayer and multilayer systems where
interfaces between FM and AFM are reasonably well defined. In this Co/CoO system,
however, Co and CoO are in the form of particles distributed randomly. The interfaces
between the Co and CoO are also randomly distributed and may not be continuous over a
large scale. More importantly, the interface area is dependent on the shape and size of the
particles and on their distribution. There are two extreme cases where the interface area
is zero: pure Co and pure CoO films. An interface area can be built up, for example, by
introducing Co particles into a CoO film or vice versa. The interface area will keep
increasing with the increase of Co content. One can expect a peak of the interface area at
a certain content of Co in the CoO film, then the interface area will drop with further
increase of the Co content until the interface area becomes zero for a 100% Co film.
Hence, the relative mass ratio of Co and CoO in the film accounts for an interface area,
playing an important role on determining exchange bias. The magnetic properties in this
Co/CoO system such as exchange bias (HE), coercivity (Hc), temperature dependence,
and thermal effects are investigated using a Superconducting Quantum Interference
Device (SQUID) magnetometer with a maximum magnetic field of 70 kOe.
In general, the amount of interface in granular systems depends on the shape and size
of the particles and on their distribution.62 Therefore, in this Co/CoO system, the interface
area, which is crucial responsible for large HE and Hc in this system, depends also on the
shape and size of the particles and on their distribution (both Co and CoO). Nevertheless,
the size of the Co particles (equivalent to the thickness of the ferromagnet film in a bilayer
system) is not the only important parameter; the degree of organization at the interfaces,
roughness, magnetic moment, magnetic interactions, and the detailed microstructure are
also relevant parameters to fully understand the involved physics of exchange bias in this
15
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disordered system.
This chapter is organized as follows. Section 2.1 describes the motivation of
investigating a disordered system. - a single-layered film with a mixture of FM Co and
AFM CoO. Then in Section 2.2, sample preparation by reactive sputtering and
characterization by XRD, SEM and SQUID are shown. Then followed in Section 2.3, the
results and discussion are presented. Section 2.4 provides a summary of this chapter.

2.1 Motivation for investigating a disordered system
Co/CoO is a well-known system and one in which exchange bias was first
discovered.1, 2 This system still draws a lot of attention because CoO has a relatively high
Néel temperature (TN = 293 K) and this system possesses a large interfacial energy ΔE,
ΔE = H E t FM M FM

(2.1)

where HE is exchange bias, tFM is the ferromagnetic film thickness, and MFM is the
ferromagnet magnetization.4 In general, large exchange bias can be found in this system,
which makes accurate magnetic measurements relatively simple.60
The CoO crystal structure is sketched in Fig. 2-1. CoO shows a NaCl structure above
its Néel temperature. However, below its Néel temperature, a tetragonal distortion
happens as the c/a ratio is slightly less than 1. Presumably, temperature or/and magnetic
interaction between Co-O or/and Co-Co via O are responsible for this tetragonal
distortion.

Figure 2-1. CoO structure. fcc, a = 0.426 nm, density 6.4 g/cc, TN=293 K. (http://
www.webelements.com).
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Initially we planned to make bilayer films of Co and CoO based on single target of Co
by RF sputtering (described below). Before making bilayer Co/CoO films, sputtering
parameters must be obtained first for making pure Co and pure CoO films. It is
particularly important for the CoO films since some undesired phases might be present
(see below for details). XRD was normally employed to check the structure and purity of
the sputtered films. For highly CoO-rich and “pure” CoO films, XRD was not sensitive
enough to detect trace phases, such as Co3O4, Co2O3 or Co less than about 3wt% (weight
percentage) in the CoO film. It is especially important to know if Co is present because it
is ferromagnetic. For this reason, SQUID was used to check the film magnetization by
assuming that all the ferromagnetic contribution in the hysteresis loop measurement is
from Co. However, we found very large exchange bias and large enhanced coercivity in
the single layered films with a mixture of Co and CoO in the CoO rich region during
checks of CoO film purity by SQUID. This led to the idea of making single layered films
of the Co/CoO mixture in order to understand its structure and magnetic properties.

2.2 Experiments
2.2.1 Sputtering machine
RF magnetron sputtering is a powerful and flexible technique that can be used to make
films from a wide range of materials. In our sputtering machine, the vacuum system
contains a mechanical rotary pump, a diffusion pump, gas control valves, and a deposition
chamber. A Hüttinger PFG 600RF RF-Generator supplies the RF power needed to
generate a plasma in the deposition chamber. The RF power frequency is 13.56 MHz. A
Hüttinger PFM 1500A Matchbox is used to match the plasma impedance changes in the
sputtering process and gives a constant 50 Ω impedance output to the RF-Generator. The
magnetron, consisting of a target with magnets arranged behind it with alternating
polarity, is shown in Fig. 2-2. Both the target and the substrate are 50 mm in diameter.
The distance between target and substrate is fixed at about 48 mm. The substrate mounted
on a substrate holder is set face-down to avoid undesired particles accumulating on its
surface. Cooling water is used for both the target and the substrate holder to dissipate the
heat generated during sputtering.
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Figure 2-2. Schematic of a magnetron and the arrangement of substrate. The distance between target and
substrate is 48 mm. Gas is introduced through the base plate by a tube close to the target source.

2.2.2 Sputtering procedures
Reactive sputtering is a sputter deposition process in which the target materials
sputtered off by species (such as Ar) are chemically reacting with other species (such as
O2 or N2) in the gas mixture to form a compound to be deposited; e.g. sputtering of Co in
plasma containing oxygen (O2) will result in deposition of CoO. Reactive sputtering from
metallic targets has emerged recently as a preferred technology for eliminating ceramic
target sources.63, 64
All films were deposited onto a 0.6 mm thick (fused) quartz glass (SiO2) substrate at
room temperature. The substrate polished on both sides and was cleaned by commercial
detergent in an ultrasonic bath for 20 min., then washed by de-ionized water several times
before putting into 36% hydrochloride acid for further cleaning for 20 min. in an
ultrasonic bath. The substrate was washed again by de-ionized water followed by ethanol,
then dried by hot air before mounting into the sputtering chamber.
Prior to the film deposition, a vacuum of 5×10-7 Torr was achieved by a diffusion
pump. An oil filter was used in the back line of the diffusion pump to stop oil from the
rotary pump migrating to the sputtering chamber. A closely controlled flow of argon (Ar)
gas using a needle valve was then introduced to the sputtering chamber to setup a pressure

18

Synthesis and Characterization of Magnetic Thin Films - Exchange Bias Systems

of about 100 mTorr for the ignition of the plasma. RF power was then supplied to the
magnetron. When the plasma was ignited, a typical negative voltage (DC bias) of 200 V
or more was applied to the cobalt target. The gas pressure was then reduced and
maintained at 20 mTorr during the film deposition. In reactive sputtering during
manufacture of a CoO film using the Co target, a reactive gas of O2 controlled by a
separate needle valve was present in the sputtering chamber. The total gas pressure (Ar
+O2) was kept constant at 20 mTorr. The diffusion pump was switched off and only the
mechanical rotary pump was kept pumping the chamber after the sputtering gas was
introduced. A shutter was placed between the target and the substrate for 5 min. each time
after the ignition of plasma in order to clean the target surface with the plasma.
All films were grown at room temperature. Film thicknesses were estimated by the
mass change of the substrate before and after deposition using the theoretical densities of
Co (8.9 g/cc) and CoO (6.4 g/cc) by assuming the film density is the same as the bulk
density.65 The thickness obtained from the mass change is consistent with that obtained
using Scanning Electron Microscopy (SEM) by looking at the cross-section of the films.
Film deposition rate was found constant as long as the sputtering parameters, such as
sputtering power, total gas pressure and O2 partial pressure were the same.

2.3 Results and discussion
This section is arranged as follows. Section2.3.1 explains how to define sputtering
parameters according to film compositions. Section2.3.2 describes a series of singlelayered films made with different oxygen contents in order to study HE and other related
magnetic properties. From Section2.3.3 to Section2.3.9, different magnetic properties are
studied by SQUID for the films described in Section2.3.2 in order to investigate the
relationship between the film microstructure and the magnetic properties especially HE.

2.3.1 Sputtering parameters and the film compositions
The sputtering parameters for depositing pure CoO films must be determined in order
to make Co/CoO bilayer/multilayer films. On the one hand, the appearances of cobalt
oxides other than CoO are not wanted. Three characteristic oxides of cobalt are known:
the monoxide, CoO (21.35 wt% O); the tricobalt tetroxide, Co3O4 (26.58 wt% O); and
sesquioxide, Co2O3 (28.94 wt% O). Co3O4 dissociates at about 1127 K, Co2O3 changes
to CoO at 1168 K and CoO is stable up to its melting point 2083 K. Both CoO and Co3O4
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are AFM with Néel temperatures of 293 K and 40 K, respectively.65 Co2O3 is
paramagnetic though. On the other hand, Co is not desired either in terms of making pure
CoO as Co is ferromagnetic. As explained previously, XRD and SQUID were combined
together to check the film composition.
2.3.1.1 Influence of sputtering power
Reactive RF magnetron sputtering was conducted in a mixed Ar and O2 atmosphere
using a pure Co target. The total gas pressure was fixed at 20 mTorr. Oxygen content in
the film can be controlled by varying the sputtering power or the O2 partial pressure in the
sputtering chamber or the combination of both. Table 2-1 shows the influence of
sputtering power on the deposition rate and the composition (phases) in the films
deposited at 4% O2 partial pressure. It is noted that “pure” CoO film can be made at a
sputtering power of 65 W with 4% O2 partial pressure with a reasonable deposition rate.
In general, the higher the power, the higher the deposition rates but the roughness of the
film is increased also. Furthermore, Co is always present in the films no matter what the
sputtering power is under 4% O2 partial pressure.
The deposition rate increases with the sputtering power except the one for 100 W. Note
in Table 2-1, the deposition rate for the 100W power dropped suddenly because the Co
target was poisoned (oxidized) at the surface. The experiment was repeated several times
using the same sputtering parameters after cleaning the Co target surface each time.
However, the deposition rate increased again when the power was 150 W because the Co
target surface became clean again at this power level.
In this study, the thickness for all the films studied was about the same (1 µm). To
achieve that, deposition was made for a fixed time (1 hr.). Films with different thickness
were also made by controlling the deposition time without changing any other parameters.
We did not observe any phase difference for films made under the same sputtering
conditions within the thickness range of 0.05 to 2 µm. HE, Hc and other magnetic
properties are not affected by the film thickness ranging from 0.05 to 2 µm either if the
film phase and structure are the same. At low power Co tends to appear in the form of fcc
structure but in the form of hcp + fcc at high power. Above 150 W, other forms of oxides
like Co3O4 and Co2O3 were found in the film by XRD.
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Table 2-1. Effects of sputtering power on deposition rate and phase composition at the same 4.0% O2
partial pressure. The total gas pressure is 20 mTorr.
Sputtering power
(W)

Deposition rate
(mg/min)

Phases in the film
(by XRD)

50

0.03

Co (fcc) + CoO

65

0.28

CoO + (Co (fcc), not detectable by XRD)

75

0.35

Co (hcp + fcc) + CoO

80

0.71

Co (hcp + fcc) + CoO

100

0.58

Co (hcp + fcc) + CoO

150

0.80

Co (hcp + fcc) + CoO + Co3O4/Co2O3

50#

0.31

Co (fcc)

#As

a comparison, pure Co ﬁlm sputtered under 20 mTorr Ar at 50 W is listed here.

2.3.1.2 Influence of O2 partial pressure
Apart from sputtering power, O2 partial pressure plays an important role on film
composition and deposition rate. At low O2 partial pressures (< 4%), the film consists of
Co and CoO. At high O2 partial pressures (> 5%) Co3O4 or Co2O3 tends to form in the
CoO film. The Co target becomes oxidized if the O2 partial pressure is increased further.
Consequently, the film deposition rate drops dramatically and Co3O4 or Co2O3 is always
present in the film. Attempts have been made to control the flow of the reactive gas using
pure O2 gas as one of the gas sources in order to maintain the partial pressure within the
right region. This proved to be difficult to achieve as the needle valves can only be
controlled manually and the vacuum gauge responses was not fast enough.
Films with the correct compositions were successfully made using a premixed 4% O2
in Ar as a reactive gas source and pure Ar as another gas source. In this way, slight
turbulence of the reactive gas pressure does not have a great influence on the film
compositions. Sputtering parameters, such as O2 partial pressure and RF power, were
found to have a greater influences on the film stoichiometry. We found experimentally
that Co3O4 or Co2O3 tends to form under higher O2 partial pressure and higher sputtering
power whereas Co tends to appear at lower O2 partial pressure and lower sputtering
power. The relationship between film stoichiometry, deposition rate and RF power are
summarized in Table 2-1. Notice here, only the results of films made under 4% O2 partial
pressure are shown. The phases shown in the table were identified by XRD except that the
trace phase of cobalt was found by SQUID in the “pure” CoO film made under the power
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of 65 W.
We found that by controlling the oxygen partial pressure at 5%, at an RF sputtering
power of 65 W, we are able to make pure CoO films.
2.3.1.3 Film characterization
X-Ray Diffraction (XRD) was conducted on a Siemens D5000 diffractometer (Cu Kα)
with a graphite monochromator. Typical 2θ scans were taken between 20° and 80° in
0.02° steps and 0.1°/min. Atomic force microscopy (AFM) topographical images were
made with a Digital Instruments Dimension 3000 in contact mode with NiFe cantilever
tips. The scanning electron microscopy (SEM) images were made on a JEOL JSM-6300F
field emission SEM at 3 kV.
Magnetic properties of the films were measured by a SQUID magnetometer with a
maximum applied field of 70 kOe. The diamagnetic contribution of the quartz glass
substrate was subtracted, using a susceptibility of -4.15×10-7 emu/g/Oe obtained from the
measurement of quartz glass substrate itself by SQUID.
2.3.1.4 Details of Co/CoO film structure
Fig. 2-3 shows the XRD results of a Co film made in a pure Ar atmosphere at a
sputtering power of 50 W, and a CoO film made by reactive sputtering at a sputtering
power of 65 W in a mixed Ar and O2 gas atmosphere with O2 partial pressure of 4%. The
CoO film was made about 2 μm thick in order to obtain a strong signal/noise for the XRD
measurements. XRD of the Co film shows almost a single peak which can be either the
(002) peak for hcp Co or the (111) peak for fcc Co. This was identified as the (111) peak
of fcc Co by the presence of a small peak at the angle of 51.5° which appears to be the
only (200) peak for fcc Co. This peak is not clear in Fig. 2-3 because the relative intensity
is low. The broad high intensity (111) peak suggests that the Co film is mainly of fcc
structure with strong (111) texture and small grain sizes.
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Figure 2-3. XRD for pure Co film made by sputtering at 50 W, 20 mTorr Ar gas for 1 h with a thickness 2
μm and CoO film by reactive sputtering at 65 W, 20 mTorr gas of 4% O2 + Ar with a thickness 1 μm
(sample CoO-4.0). Co film is identified as fcc structure due to the appearance of (200) peak.

CoO can be identified as the peaks from the fcc structure with lattice constant a = 0.426
nm, except for an unidentified small peak at 2θ = 34.6˚. However, the relative intensities
of the (111) and (222) peaks are much stronger compared to the standard CoO powder
diffraction pattern, indicating the orientation of the [111] axis in a direction perpendicular
to the film plane. Although there is no Co diffraction peak detectable from the XRD
pattern of CoO, magnetization measurement by SQUID revealed that there are about 3 ±
1wt% of Co existing in the CoO film. Compared with the Co film, the CoO film contains
more grains orientated in directions other than (111); and a sharp (111) peak, suggesting
large CoO grain sizes.
The crystallite size from XRD data was estimated using the Scherrer formula:66
0.9 λ
D = -------------------B cos ( θ )
where D is the crystallite size (nm), B ( B =

(2.2)
2

2

B m – B s ) is the broadening factor (Bm

measured in radians at the full width at half maximum intensity of peaks (FWHM)) and λ
= 0.154 nm (CuKα radiation). The system broadening factor Bs was obtained using a
single crystalline silicon sample under the same instrumental conditions. In this way, the
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grain sizes of the Co and CoO are estimated as 5~50 nm and 500~800 nm, respectively.
Cross-section SEM images of the films of Co, CoO and a mixture of Co/CoO are
shown in Fig. 2-4. The columnar structure of the Co film shown in Fig. 2-4a is very clear
and continuous. This is consistent with the XRD results shown in Fig. 2-3 and suggests
that the Co [111] direction is the preferential crystalline growth direction under the
sputtering conditions mentioned above. This also explains the reason why there is almost
a single (111) peak in the Co film XRD pattern shown in Fig. 2-3. The CoO film crosssection shown in Fig. 2-4b has less parallel columnar structures but wider columns
compared with the Co film. There are small grains nucleated at the surface of the substrate
then large and long columns formed then eventually these columns join together to form
larger grains near the half thickness of the film. The result also explains the XRD result
shown in Fig. 2-3 that the (111) peak is sharp and strong because of the large grain
(column) sizes and the preferred orientation of most of the grains. There are also some
broad peaks, such as (200), (220) and (311) corresponding to the small grains orientated
in other crystalline directions than [111]. The film with a mixture of Co and CoO shown
in Fig. 2-4c was made under a sputtering power of 50 W and O2 partial pressure of 2.4%.
The crystalline sizes are smaller than those of the CoO film made under a power of 65 W.
The surface smoothness is the best among the three different samples.
Conclusively, both Co and CoO films verified by XRD and SEM show strong (111)
texture. The CoO film has larger grain sizes and rougher surface mainly because of the
higher sputtering power. Broad peaks other than (111) appear in the CoO XRD spectrum
suggesting some small CoO grains orientated in other crystalline directions. The CoO
film has the roughest surface while small sputtering power tends to give better surface
roughness.

(a)

(b)

(c)

Figure 2-4. Cross-section of SEM images: (a) Co film made at 45 W, (b) “pure” CoO film made at 65 W
and (c) Co and CoO mixed film made at 50 W. “Pure” CoO film was made about 2 μm thick in order to
obtain a good XRD signal.

24

Synthesis and Characterization of Magnetic Thin Films - Exchange Bias Systems

2.3.2 Series of films for magnetic properties investigation
From this section on in this chapter, all the samples used in different measurements
were made under the sputtering parameters mentioned in this section. The sample details
are listed in Table 2-2.
As stated above, large HE and enhanced Hc were found in the single “pure” CoO film
from SQUID taken at low temperature during the routine check for trace Co phase. In
order to study the origin of the large HE and Hc, a series of single layer films of Co/CoO
with different Co contents were then made by reactive sputtering at a sputtering power of
65 W under different O2 partial pressure. All the measurements in the rest of this chapter
are made for this series of samples. The cobalt content dependence on oxygen partial
pressure is shown in the Table 2-2. As stated previously, film thickness does not affect HE
and Hc. Hence, all the films are made about 1 μm thick on the purpose of providing large
signal in SQUID measurements. The Co contents are calculated by using the cobalt bulk
saturation magnetization at room temperature, Ms = 161 emu/g,32 and cobalt theoretical
density 8.9 g/cc. We assume the sample magnetization (after subtracting the diamagnetic
contribution of the quartz glass substrate and the paramagnetic contribution of CoO) is
from cobalt only.
In brief, the key results related the samples listed inTable 2-2 are described here. Both
HE and Hc are strongly dependent on the O2 partial pressure (Co content in the film). A
large HE of 7 kOe and Hc of 10 kOe were found in sample CoO-3.2 field cooled and
measured in the out of plane direction of the film at 10 K. Similar magnitude of HE and
Hc was found in other film directions in which the sample was field cooled and measured
accordingly. This is quite different from the bilayer system, for example, the Fe/KFeF3
where exchange bias is only found in the film plane. A blocking temperature TB, where
HE vanishes, was found of about 250 K for the CoO rich films while TB is lower for
samples containing less CoO. Magnetic viscosity shows a broad peak at a temperature far
below the blocking temperatures (TB = 250 K). Training effect, where HE decreases in
consecutive loops, is found in this system. However, a waiting time effect - HE depends
on a waiting time at the negative saturation field has not been observed. The film
structure, such as the interfacial area between the Co and CoO and the distribution of Co
and CoO particle sizes are thought to be responsible for the above mentioned magnetic
properties. The following sections will show the relationship between the microstructure
of the film and the magnetic properties.
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Table 2-2. Cobalt contents with oxygen partial pressure. The Co contents are calculated by using the
cobalt bulk saturation magnetization at room temperature Ms = 161 emu/g and cobalt bulk density 8.9 g/cc.
The sample magnetization is obtained after subtracting the diamagnetic contribution from quartz glass
substrate and paramagnetic contribution from CoO. The film thickness is about 1 μm.
Sample

O2 partial pressure

Co content (wt%)

CoO-0.0

0.0

99 ± 2

CoO-1.6

1.6

83 ± 2

CoO-2.0

2.0

76 ± 2

CoO-2.4

2.4

34 ± 1

CoO-3.2

3.2

11 ± 2

CoO-3.6

3.6

9.0 ± 2

CoO-4.0

4.0

3.0 ± 1

The XRD result for the film containing 34wt% of Co is shown in Fig. 2-5. Both Co and
CoO are strongly (111) orientated. Compared to the sharp CoO (111) peak, the Co (111)
peak is highly broadened. This suggests that the CoO particles (grains) are large whereas
the Co particles (grains) are small.

(111)

Arbitary unit

Co
CoO
(111)

(200)
(200)

30

40

(220)

50
60
θ (degree)
2θ

(222)
(311)

70

80

Figure 2-5. Film with a mixture of Co and CoO (sample CoO-2.4). Both Co and CoO are highly (111)
orientated. Note the CoO (111) peak is sharp whereas the Co (111) peak is broadened indicating larger
CoO grain size and small Co grain size in the film.

As suggested before that the film structure is made of small Co particles diversely
distributed in a matrix of CoO for the CoO-rich films. This idea can be verified by field
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cooling a sample in different directions (from inplane to out of plane) and measuring HE
in the same cooling directions accordingly. The demagnetizing field should be roughly
constant in different directions as the Co particles are separated by CoO. No matter what
the field cooling direction (either inplane or out of plane) is, exchange coupling can be
always set up in this cooling direction to produce HE. Therefore, the values of HE in
different field cooling directions are expected similar if the Co particles are in the shape
of sphere. Large and similar amplitude of HE (hysteresis loops are almost identical) found
in three different directions of the sample CoO-3.2 shown in Fig. 2-8 supports the idea of
Co particles are sitting in a matrix of CoO. The striking feature of this film structure is
that the interface area between the FM and AFM can be controlled by changing the FM/
AFM mass ratio in the film. Film thickness turns out not to be critical, unlike the bilayer
systems, as long as the phase and structure are the same. In bilayer exchange bias systems,
both HE and Hc and other magnetic properties are strongly dependent on the FM and AFM
layer thicknesses because the surface area is constant no matter how the FM and AFM
thicknesses change. Whereas in this single layer Co/CoO system, HE and Hc and other
magnetic properties are not affected by film thickness ranging from 50 nm to 2 μm if the
film phase and structure are the same.

2.3.3 HE and Hc in single layer Co/CoO films
As shown in Table 2-2 the film composition is strongly dependent on the oxygen
partial pressure. So are HE and Hc. Fig. 2-6 shows the variation of the HE and Hc
measured in the directions out of the film plane and in the film plane at 10 K as a function
of the O2 partial pressure for the samples listed in Table 2-2. It can be seen that HE and
Hc peak for the film made at an oxygen partial pressure of 3.2% (sample CoO-3.2).
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Figure 2-6. Out-of-plane and inplane HE and Hc dependence on oxygen partial pressure. Samples were
cooled under a field of 20 kOe from 320 K to 10 K and measured at 10 K. HE and Hc peak at 3.2% O2
partial pressure. For the out of the film plane measurements, HE and Hc reach to the values of 7 kOe and 10
kOe, respectively. For the in the film plane measurements, HE and Hc reach to the values of 4 kOe and 9.5
kOe, respectively.

We expected the values of HE and Hc would be the same or similar in different
directions since the film structure suggested previously is Co in a matrix of CoO.
However, we found HE and Hc, particularly for the former, also depend on the direction
in which sample was field cooled and hysteresis loop was measured accordingly for
different samples. It can seen from Fig. 2-6 that both HE and Hc obtained in the plane of
the film for each particular sample are smaller than those measured in the perpendicular
direction. This might be caused by both Co and CoO being highly (111) orientated and
there being different anisotropies contributing to HE and Hc in different crystalline
directions. Another possibility is that the Co particles are not perfectly in the shape of
sphere because of the preferential (111) growth of both Co and CoO. Therefore, in certain
direction, for example the out of the film plane direction, the interface area is larger than
in the other directions. A higher value of susceptibility is also measured out of the film
plane than that measured in the film plane.
The O2 partial pressure dependence of HE and Hc can be interpreted using the film
microstructure. Two important features of the microstructure that affect HE and Hc are:
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(1) the Co/CoO interface areas and (2) the grain size of Co (i.e. the average grain diameter
d) which are associated with the increase of O2 partial pressure. Consequently, the
decrease of Co content in the film. The Co/CoO interface areas depend on the Co content
and are zero in two extreme situations when the film is either pure Co or pure CoO. HE is
zero and Hc is small as expected when the Co/CoO interface area is zero. As the Co
content decreases, the Co/CoO interface area starts increasing and the Co grain sizes
decrease. There must be a maximum interface area at a certain Co content and then this
area starts decreasing as the Co content decreases further until it is zero for a pure CoO
film. So it is expected that HE will peak at the Co content where the interface area is close
to a maximum. Another determining factor of HE is the size of the Co grains. The Co grain
size is an analogue to the ferromagnetic film thickness in bilayer (or multilayer) exchange
bias systems. Here we do not take the aniferromagnet CoO size into account because at
the HE peak position the film is CoO-rich and the CoO grain size (thickness) can be
treated as infinity and does not have any influence on HE any more.67
For magnetic particles without coupling with AFM, it has been generally established
experimentally that Hc has a linear relationship with respect to 1/d by Rave et al..68
However, in a exchange bias system, such as this Co/CoO system, the Hc increase can be
explained by two effects: (1) the exchange coupling of Co and CoO – interface area
increases, and (2) the grain size reduction of Co. As Co grain size decreases, the total
length of grain boundary increases. Since the grain boundary is often associated with the
pinning of domain walls, it follows that with decreasing grain size (d), the pinning of
domain wall motion increases. Since coercivity Hc reflects the amount and strength of
pinning, it is expected that Hc increases as the Co grain size decreases. Similarly, as
dislocation density increases, dislocations begin to get entangled, forming strong pinning
centres for domain walls, so impeding domain wall motion. Thus, as d increases, Hc
increases.
As discussed earlier, the interface area increases as the Co content decreases until the
area reaches a peak for certain amount of Co. After the peak of interface area, we expect
the grain sizes of Co will decrease until all the Co particles disappear for a pure CoO film.
The combination of the increase of interface areas and reduction of Co particle (grain)
sizes results in an increase HE, as HE is an interface effect. The increase of Hc can also be
explained in these terms. It can be seen that both Hc & HE increase when the O2 partial
pressure increases as seen in Fig. 2-6. Then both of them peak at an oxygen partial
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pressure of 3.2% corresponding to ~10wt% (~7vol%) of Co in the film. The peak can be
interpreted in terms of the relative change in Co and CoO contents which affects the
interface areas between Co and CoO. Taking the superparamagnetic effect of Co particles
into account when they are very small at very low Co contents such as Co in “pure” CoO
(about 3wt% Co). The existence of the superparamagnetic particles in the films will be
discussed later. The ratio of Co and CoO determines the interface areas between Co and
CoO which in turn controls the values of Hc and HE. The strength of the HE is controlled
by many factors including particle sizes (or layer thickness in the case of multilayers) of
the FM and AFM phases, types and amounts of AFM and FM materials and interface
disorder. With the increase of the O2 pressure, the CoO content in the film increases which
increases the interface area between Co and CoO. When the CoO content is too high, HE
starts to decrease again because there is not enough FM Co to contribute to the exchange
interaction. A maximum HE of 7 kOe is observed in Fig. 2-6 when the O2 partial pressure
is 3.2%. This maximum HE is much higher compared with data obtained by other
researchers in thin films of Co and CoO.69 Exchange bias is found roughly inversely
proportional to the thickness of the FM layer in bilayer systems,24 which corresponds to
the particle size of Co in the films studied here. Although we don't have direct
experimental evidence, the crystal grain size in the film must be in the order of
nanometers to be able to achieve such a high value of exchange bias field. Co/CoO
powders produced by a monodispersed method show strong particle size dependence of
HE with HE found to be 10.2 kOe, and 3.8 kOe at 5 K for particle sizes of 6 nm and 13
nm, respectively.60

2.3.4 Hysteresis loops and film microstructure
The film microstructure can also be deducted from the shape of hysteresis loops carried
out by a SQUID magnetometer for different samples with different Co contents shown in
Fig. 2-7 and Fig. 2-9. Furthermore, existence of HE in different directions shown in
Fig. 2-8 indicates the film structure and confirms the earlier hypothesis about the film
structure. Here, the sample CoO-3.2 is of particular interest because it has the largest HE
and Hc found among all the samples studied. More detailed study on this sample was
conducted in order to understand the film structure, the origin of large HE and Hc and the
other magnetic properties.
The FC and ZFC out-of-plane hysteresis loops obtained at 10 K for the sample CoO-
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3.2 are shown in Fig. 2-7. Similar order of HE and Hc were observed in the monodispersed
Co/CoO cluster assemblies with particle size of 6 nm60 and the oxide passivated Co
particles with particle sizes of 8 nm.70
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Figure 2-7. Perpendicular FC and ZFC hysteresis loops conducted by SQUID at 10 K for the sample
CoO–3.2. The cooling field was 20 kOe and measurements were conducted at the same direction of the
cooling field. Demagnetization effect and the paramagnetic contribution from CoO are not corrected.

For both FC and ZFC measurements, the magnetization is not saturated even when the
field is 70 kOe. In addition, the magnetization of the FC hysteresis in the first quadrant is
higher than that in the third quadrant. The asymmetry of the magnetization reflects the
different internal effective fields Heff acting on the ferromagnet in the forward and reverse
directions.6
H eff = H A ± H u

(2.3)

where, HA is the applied field and Hu is the unidirectional field induced by the AFM CoO
during the field cooling process. The “+” and “-” sign in Eq. 2.3 is taken according to the
external applied field direction as Hu is in the same direction as the cooling field (positive
field direction). Hence, Heff (larger) is the sum of HA and Hu in the positive field direction
and Heff (smaller) is the difference of HA and Hu in the negative field direction.
There is no HE for ZFC hysteresis measurement, but Hc is significantly increased with
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a value of more than 8 kOe at 10 K. The large Hc of the ZFC hysteresis suggests Co
particles are small and they are evenly distributed in the CoO matrix. The Co particles
could be small enough to be single domain particles which are acting as a local external
field on the surrounding AFM CoO during the ZFC process. Thus, the unidirectional
anisotropy setup due to the exchange coupling between Co and CoO is random due to the
randomly distributed local fields set up by the Co particles during the ZFC process,
therefore the hysteresis loop of the ZFC film is symmetrical in both the coercivity field
and the magnetization. The smaller coercivity of the ZFC compared with that of the FC
loop is again caused by the random unidirectional anisotropy. The largely increased
coercivity could be due to the pinning of the Co particles and domain movement in the
antiferromagnetic CoO. It is noted that the sample is not saturated at a field of 70 kOe.
This can be attributed either to the contribution of the CoO or to superparamagnetic
behaviour of the Co particles or both. It is hard to distinguish these two contributions from
each other as it requires a precise composition of Co and CoO in the film.
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Figure 2-8. Hysteresis loops measured at different directions (from inplane to out of plane) for the sample
CoO-3.2. The samples were field cooled at different directions and measured at different directions
accordingly.

The existence of superparamagnetic Co particles in the CoO rich film can be
alternatively verified by the hysteresis loop of a Co-rich (83wt%) film (sample CoO-1.6
in the Table 2-2) shown in Fig. 2-9. As limited by the relatively low mass ratio (17wt%)
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of CoO, the CoO shell would be thin and Co particles would be large and have strong
interactions. The magnetization of this sample is well saturated at a field ~15 kOe. Note
that the hysteresis loop at the film normal direction shown in Fig. 2-9 is different from the
hysteresis loop in plane shown in the inset. This is because Co particles are very close to
each other, and at more convenience this sample can be treated as if Co forms a
continuous film. Thus, the demagnetizing field, accounting for the different shapes of the
hysteresis loops inplane and out-of-plane, is large in the film normal direction and close
to zero in the film plane direction. Compared to sample CoO-3.2, the values of both HE
and Hc are small. Three possible reasons may explain the small values of HE and Hc:
firstly, the interface area is small, as limited by the CoO mass ratio; secondly, the CoO
shell is too thin to act fully as an antiferromagnet (the anisotropy may be smaller)71 and
thirdly, interaction between Co particles tends to reverse the FM Co coherently.
In the sample CoO-1.6, Co particles are large enough to avoid becoming
superparamagnetic. As the increase of CoO ratio increases in a sample with the increase
of O2 partial pressure, Co particles are expected to become smaller. So it is possible that
in CoO rich films some of the Co particles may becomes superparamagnetic.
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Figure 2-9. Hysteresis loop of Co rich film (sample CoO-1.6). Measured in the direction of film normal,
the HE is 1.5 kOe and Hc is 1.6 kOe at 10 K. The inset shows the hysteresis loop measured in-plane at 10
K. Sample was FC at a field of 20 kOe. Film contains about 85wt% Co, the rest is CoO. Sample is well
saturated at a field ~15 kOe.
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2.3.5 Temperature dependence of HE and Hc
Both HE and Hc are found to be strongly temperature dependent. The temperature
dependence of HE for the sample CoO-3.2 is shown in Fig. 2-10 and the inset displays the
FC and ZFC Hc dependences on temperature. The blocking temperature TB, where HE
vanishes, is about 250 K for this sample. The blocking temperature TB = 250 K is lower
than the Néel temperature TN = 293 K of CoO which may suggest the superparamagnetic
behaviour of some CoO grains. The temperature dependence of HE follows the typical
linear, (1-T/TB), temperature dependence below the blocking temperature TB found in
other exchange bias systems.20 Hc for FC and ZFC behave similarly with temperature.
However, the value of Hc for FC is always larger than that for ZFC before they coincide
at the temperature of 250 K. Meanwhile, the temperature dependence of Hc for both the
FC and ZFC does not fit the (1-T/TB).
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Figure 2-10. Temperature dependence of HE. The sample is CoO-3.2 and cooling field is 20 kOe measured
in out of plane direction at 10 K. HE follows a linear, (1-T/TB), temperature dependence below the
blocking temperature TB = 250 K. However, the Hc for both FC and ZFC do not fit (1-T/TB). The inset
shows the temperature dependence of Hc.

2.3.6 Blocking temperature TB and unidirectional anisotropy Hu
Apart from hysteresis loop measurements at different temperatures to determine TB,
FC and ZFC temperature dependence of sample magnetization can obtain TB as well. For
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a FC sample, the unidirectional anisotropy field Hu is in the same direction as the cooling
field and also in the same direction as the external applied field HA. Thus the effective
field is Heff = HA + Hu for the FC sample. While for a ZFC sample, the distribution of Hu
is random and the resultant effect is zero. Thus the effective field is Heff = HA for the ZFC
sample. Due to the different effective fields, the magnetisations of FC and ZFC will be
different as long as Hu is non-zero. As the temperature increases, Hu decreases due to the
decrease of the exchange coupling between the FM and AFM. Once Hu becomes zero (HE
= 0)at a certain temperature, the blocking temperature TB, both Heff for the FC and ZFC
become equal and so do the magnetisations. Therefore, the FC and ZFC temperature
dependent curves will coincide at the temperature TB.
For an example, the magnetisations of the sample CoO-3.2 with FC and ZFC are
shown in Fig. 2-11. The measurements were taken under a constant magnetic field of 20
kOe and the cooling field for the FC measurement was 20 kOe as well. The two curves
coincide at a temperature of about 250 K suggesting this is the blocking temperature TB,
which is in good agreement with the TB measured from the temperature dependence of
the exchange bias field as shown in Fig. 2-10.
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Figure 2-11. Temperature dependence of magnetization for sample CoO-3.2 FC and ZFC.The cooling
field was 20 kOe and the measuring field was the same as the cooling field. The magnetization increase of
the FC sample below 280 K indicates the 20 kOe cooling field was not large enough to align all the Co
spins. Thermal effects may also be involved.
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In this film TB is lower than the Néel temperature TN of 293 K for bulk CoO. TB of 150
K and 200 K have been reported for fine particles of Co/CoO and thin films of Co/CoO.60,
69, 72

It has been suggested that the Néel temperature of CoO varies with its physical

format.4 CoO in the form of very fine particles might have a lower Néel temperature than
bulk CoO and as a result the blocking temperature varies significantly with different kinds
of Co/CoO structures. There are clear experimental evidences showing that the blocking
temperature increases with the thickness of the antiferromagnetic layer.73 Other possible
explanations for the lower value of TB compared with TN of the CoO are: (a) the
superparamagnetic behaviour of the very fine particles of CoO and (b) TB can be
influenced by the strength of the exchange coupling between the Co and CoO which
strongly depends on the interface quality between the Co and CoO.
Fig. 2-12 shows the blocking temperature may vary with the CoO content in the
sample. Note that the measurements were taken at zero applied field. Therefore, the FC
temperature dependent curves actually reflect the temperature dependence of the
unidirectional field Hu. For the sample CoO-2.0 and CoO-3.2 with high CoO contents, the
temperature dependent curves have three different stages: magnetization (M) decreases
linearly with increasing temperature below 130K for CoO-2.0 and below 200 K for CoO3.2; then M decreases linearly, but faster with increasing temperature; finally M becomes
flat after 250 K and 270 K for CoO-2.0 and CoO-3.2, respectively. For the sample Co-1.6
with low CoO content, the temperature dependent curve has only two different stages: M
decreases linearly with the increase of temperature below 180K and M becomes flat after
180 K. The temperature when M becomes flat, - where there is little change of Hu because
it is already zero or close to it, - is actually the blocking temperature TB. One can see that
large contents of CoO yield a high TB. It is assumed that large contents of CoO result in
larger (thicker) CoO grain sizes, consequently a higher TB is expected.
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Figure 2-12. Temperature dependence of magnetization for the samples CoO-1.6, CoO-2.0 and CoO-3.2.
The samples were field cooled under a field of 20 kOe in the out-of-plane direction, however were
measured at zero field.

2.3.7 Effect of cooling field magnitude on HE and Hc
The effect of cooling field magnitude on HE and Hc for the sample CoO-3.2 is shown
in Fig. 2-13. The change of coercivity is relatively small (less than 2 kOe) over a range of
cooling fields whereas the exchange bias is dependent on the magnitude of the cooling
field. A field of 10 kOe is large enough to produce maximum coercivity but not enough
for exchange bias. This result can be explained in terms of the demagnetization field and
the superparamagnetic effect. As proposed before, the film structure is Co particles in a
matrix of CoO. The Co particles are well separated without interaction. If we assume all
the Co particles are in spherical, then the effective field (Heff) experienced by the Co
particles is given by
H eff = H A – DM

(2.4)

where HA is the applied field, M is the magnetization (1400 G for bulk Co material), and
the demagnetizing field factor D is 4/3. This gives a demagnetization field of about 5.8
kOe. If the cooling field is equal or larger than 5.8 kOe, HE and Hc should not depend on
the cooling field anymore because the Co particles should be saturated. In fact the sample
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is not saturated at a field of 20 kOe and exchange bias is still increasing with increasing
cooling field, suggesting there are some superparamagnetic Co particles in the film.

12

Magnetic field (kOe)

10
8
6
HE
4
Hc

2
0

0

10

20
30
40
Cooling Field (kOe)

50

60

Figure 2-13. Cooling field dependencies of HE and Hc. The effect of field magnitude becomes smaller
after field above 10 kOe which was fairly larger enough.Cooling field dependence of Hc and HE measured
at 10 K at perpendicular direction of film for the same sample mentioned above. The sample is CoO-3.2.

So the exchange bias dependence on the cooling field indirectly proves that there is a
distribution of Co particle sizes as small particles tend to become superparamagnetic and
saturate at large field. At a cooling field smaller than the “saturation” field (about 20 kOe
in terms of exchange bias), large Co particles are saturated and contribute fully to
exchange bias. Only partial contribution from superparamagnetic Co particles exists
because these particles are not saturated.

2.3.8 Memory effects of HE and Hc
The detail of the film structure can also be deducted from “memory” effect of HE and
Hc, which is consistent with previous results. The details are as follows.
A common way to establish exchange coupling is by cooling the FM/AFM system in
a field from T > TN to lower temperatures in order to build up a unidirectional anisotropy.
Gökemeijer et al74. showed that the HE and Hc can be greatly affected not only by the
cooling process, in which the FM layer is of key importance; but also by the entire cooling
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procedure where the resultant exchange coupling retains changing.
The HE and Hc dependence on the starting temperature (Tstart), where a cooling field is
applied, is shown in Fig. 2-14 and the HE and Hc dependence on stopping cooling
temperature (Tstop) is shown in the inset of Fig. 2-14. The starting cooling temperature
experiments were done in such a way that the sample was ZFC from 320 K to a target
temperature (Tstart) then a 50 kOe cooling field was applied and the sample was cooled
further from Tstart to 10 K where a hysteresis measurement was taken. This process is
illustrated as follows:
Tstart 50 kOe 10 K
320 K ZFC
Above 250 K, HE and Hc are independent of the Tstart although the Néel temperature
TN is 293 K. During the ZFC process from 320 K to a starting (target) temperature Tstart,
the localized random fields of Co particles may already setup the exchange coupling
between Co and CoO. It is possible that the CoO interface spins are still reversible above
250 K. Note that 250 K is the same as the blocking temperature TB obtained from other
experiments. When the target temperature Tstart is lower than 250 K, both HE and Hc start
decreasing with decreasing Tstart. It seems that the system can “remember” its previous
cooling history above Tstart, where the ZFC process occurs in which the localized
unidirectional anisotropies are random. It is possible that below Tstart (< 250 K) some of
the AFM CoO spins tend to be locked and less likely to be reversible. It is likely that these
locked CoO spins are from large CoO grains which behave more like a bulk AFM.
Meanwhile, the CoO spins of small grains are probably still reversible and can be aligned
under the external cooling field to contribute to HE. The lower Tstart is the smaller amounts
of reversible CoO spins are available, hence the smaller HE is. The change of Hc during
this process is not large because Hc is mainly related with the FM Co and the pinning
effect of Co particles and domain movement in the AFM CoO which does not vary much.
The above discussion indicates a distribution of particle sizes in the AFM CoO. Among
them, large CoO particles tend to be locked (frozen) at relatively high temperature (< TN)
small while small CoO particles tend to be frozen at relatively low temperature.
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Figure 2-14. Start cooling temperature dependence of exchange bias and coercivity. Sample was cooled
under a field of 50 kOe. All measurement were taken at 10 K. The results indicate a broad distribution of
blocking temperature for Co particles in the film which is most likely induced by the effect of
superparamagnetic Co particles. The inset is the stop cooling temperature dependence of exchange bias
and coercivity. The sample is CoO-3.2.

In the inset of Fig. 2-14, the sample was cooled from 320 K under a magnetic field of
50 kOe to the temperature Tstop. Then the field was removed and the sample was cooled
further to 10 K under zero field. The process is described as follows:
Tstop ZFC
320 K 50 kOe
10 K
This process is somewhat of a reverse process to that mentioned above. During a FC
process from 320 K to Tstop (< 250 K), the portion of locked CoO interface spins aligned
in the cooling field direction and contributing to HE depends on the stopping temperature
Tstop. The lower Tstop is the greater the amount of locked CoO spins, hence the larger HE
is. If the stopping temperature Tstop is 250 K, almost all the CoO interface spins are still
unstable or random at that Tstop and HE is almost zero. So, from Tstop = 250 K and above,
HE remains zero. The change of Hc is almost the same as that in the starting cooling
process mentioned above.
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2.3.9 Training and Viscosity
2.3.9.1 Training effect
The training effect is a well known phenomenon in exchange bias film systems. It is
defined as the decrease of HE when a number of hysteresis loops are made consecutively.
This phenomenon has also been observed in our Co/CoO system shown in Fig. 2-15. The
decrease in HE is the most pronounced in the second loop where HE drops to 6.37 kOe
from 6.76 kOe (≈ 6%) in the first loop.
It is found that our data, except for the first loop data point, cant be fitted by the
experimentally often observed power law:
1
n
∞
H E – H E ∝ ------n

(2.5)

n

where H E is the exchange bias obtained in the n-th loop and is n is the number of
consecutive loops measured) found by Schlenker et. al.75, 76 The training effect seems to
be related to partial reorientation of the AFM domains with each FM magnetization
reversal. The origin of this effect could be a growth induced metastable spin
configuration,29,

77, 78

an induced thermo-remanent magnetization in the AFM layer,

which exhibits some repetition effects,19, 79, 80 or thermal fluctuations when KAFMtAFM
< kBT.76 The AFM spins try to find energetically favourable configurations after each
cycle. It seems the AFM spin configurations are reasonably close to the energetically
favourable states after the second loop measurement. The reason why the largest HE drop
happens in second measurement is explained by Binek81 as spin configuration relaxation
activated by hysteresis cycles.
During the demagnetization and magnetization branches of a cycle, the ferromagnet
locally aligns in such a way as to minimize competing energies due to the applied field
and exchange energies through coupling with the antiferromagnet. The random
anisotropy axes of the antiferromagnet force the ferromagnet to adopt an equilibrium
configuration that varies spatially. From the point of view of the antiferromagnet, the
orientation of the ferromagnet varies spatially and creates a random field whose exact
configuration depends on the applied field strength. In this way the antiferromagnet
responds to a series of different spatially distributed random fields during a magnetization
loop cycle.82
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Figure 2-15. Training effects of HE vs. n (closed triangles) of the sample CoO-3.2 at 10 K.Solid line shows
the best fit of Eq. 2.5 to the data n > 1.

2.3.9.2 Magnetic viscosity
As introduced in Chapter 1, magnetic viscosity, the change of magnetization over time,
exists in all magnetic materials exhibiting hysteresis. The detailed theory can be found in
Appendix 3. It is important to study magnetic viscosity in exchange biased systems as
viscosity is, in nature, a thermal activation process. The knowledge of viscosity is
essential to understand the behaviour of exchange bias systems in which both FM and
AFM are subject to thermal activation processes.
Time dependent measurements were conducted by SQUID with the field applied in out
of plane direction for a FC sample CoO-3.2 at 5 K shown in Fig. 2-16. The sample was
FC under +20 kOe from 320 K to 5 K, then a saturation field of +70 kOe was applied
before the field was set to the target negative values close to the left side coercivity (Hc1)
(hysteresis loop shown in Fig. 2-7) for measuring the magnetization change with time
under this constant negative field. All the results can be fitted linearly with a Ln (t + t0)
dependence, where t is the time and t0 is a constant varying for different measurements.
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Figure 2-16. Time dependence at perpendicular direction for sample FC. Measured at different constant
fields at 5 K. All results can be fitted by M = M0 + S Ln (t + t0). The sample is CoO-3.2 and the measuring
time is 1.5 hours.

The magnetic viscosity parameter Λ can be determined from the time dependent
measurements by the following:

∂Hi
Λ = ------------------∂ ln Ṁ irr

(2.6)
M irr

Λ measured at different temperatures for fields close to Hc1 and Hc2 (right hand
coercivity) are shown in Fig. 2-17. There is a broad peak between 50 and 100K. As Λ can
be somewhat treated as a material parameter in an ordinary magnetic viscosity system. A
large value of Λ in a material indicates fast change of magnetization over time - small
activation energy barriers which can be easily overcome by thermal activation process. It
is understandable that the Λ is small at low temperature as the Co particle spins are
“locked” in the direction of the unidirectional anisotropy induced by exchange coupling.
The unidirectional anisotropy decreases as temperature increases, therefore the Co
particles become thermally active again resulting an increasing Λ. It is expected that small
(possibly superparamagnetic) Co particles reverse first when the temperature starts
increasing. The broad peak of Λ is reached probably due to the combination of the
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decrease of the unidirectional anisotropy and the large thermal effect of the small Co
particles. Eventually, the reversal of the majority of small Co particles finishes and large
Co particle reversal due to thermal activation becomes dominant as temperature increases
further. Although the unidirectional anisotropy still decreases with the increase of
temperature, Λ starts decreasing because the thermal activation process is dominant by
large Co particles now and the exchange coupling is more like a surface effect now (the
volume/surface ratio decreases for large particles).
Note in Fig. 2-17, the left-hand-side (LHS) Λ peaks at about 100 K, whereas the righthand-side (RHS) Λ peaks at about 50 K. This can be explained by the different effective
field Heff discussed earlier by Eq. 2.3 due to the unidirectional anisotropy induced is in
the initial field cooling direction (RHS). The Heff applied to Co particles for reversal is
small during the LHS Λ measurements. Hence, a higher temperature is needed to reach
the peak. Whereas the Heff is large during the RHS Λ measurements, resulting an expected
peak of Λ at lower temperature.
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Figure 2-17. Viscosity measurement at different temperatures. Sample was field cooled under 20 kOe field
to the target temperature then a saturation field of 70 kOe was applied before setting a constant field to
measure the magnetization change over time. The sample is CoO-3.2 and the measuring time is 1.5 hours.

Viscosity measurement for the sample CoO-1.6 which contains about 83wt% Co is
shown in Fig. 2-18. Compared with the previous CoO-rich sample CoO-3.2 (about
11wt% Co), the values of viscosity at different temperatures are much smaller than that
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of the sample CoO-3.2. whereas they both peak at the temperature at about 100 K. We
suggest that the CoO shell is thinner in the CoO-2.0 sample, hence the anisotropy is
smaller and less energy is needed for reversal. Notice that the change of viscosity from
100 K to 200 K is much sharper than that of the sample CoO-3.2 shown in Fig. 2-17.
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Figure 2-18. Viscosity for the sample CoO-1.6 in the film normal direction. The sample was field cooled
and saturated under 20 kOe to target temperature before measurement was taken.

2.4 Conclusions
• Single layer Co/CoO ﬁlms were made by reactive RF sputtering. The CoO or Co content in the ﬁlms can be controlled by varying the sputtering power or the O2 partial
pressure or the combination of both.
• This exchange bias system is different in structure from conventional exchange bias
systems such as bilayer and multilayer systems where interfaces between FM and
AFM are reasonably well deﬁned. In this Co/CoO system, however, the Co and CoO
is in the form of particles distributed randomly. The interfaces between the Co and
CoO are randomly distributed and may not be continuous over a large scale, and more
importantly, the interface area is dependent on the shape and size of the particles and
on their distribution.
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• We suppose that the film structure is made of small Co particles diversely distributed
in a matrix of CoO for the CoO-rich films. Otherwise strong anisotropic behavior of
magnetic properties would be expected if the film structure is consisted with laminated CoO and Co grains. The large and similar amplitude of HE found in all different
inplane directions of the film supports the idea that Co particles are sitting in a matrix
of CoO. The striking feature of this film structure is that the interface area between
ferromagnet and antiferromagnet can be controlled by changing the FM/AFM mass
ratio in the film. Film thickness turns out not to be critical, like in the bilayer systems
as long as the phase and structure are the same. In this single layer Co/CoO system,
HE and Hc and other magnetic properties are not affected by the film thickness ranging from 50 nm to 2 μm if the film phase and structure are the same. It may be technically important because it is easier to control exchange bias in a single layer system
by controlling the amount of ferromagnetic component and its size compared with a
bilayer system. More interestingly, this system shows large exchange bias and
enhanced coercivity in all ﬁeld cooled directions due to the ﬁlm structure.
• The argument about the possible change of TN is my knowledge, nobody claims that
the TN of an AFM (here it is CoO) whether or not in an exchange bias system is lower
because of its low dimensionality. However, blocking temperature TB when exchange
bias vanishes in an exchange bias system is lower than TN in many cases. It is more
likely that the AFM is still in an ordered state at or above TB < TN. However, due to
defects, broken symmetry at the surface of the AFM and lowered anisotropy at TB,
domain walls in the AFM may be more easily forming and propagating with external
ﬁeld. Hence, HE may vanish at a temperature lower than TN. In many instances, coercivity in the exchange bias system may be still larger compared with that without
exchange coupling with the AFM, which indicates the AFM is still in order at or
above TB < TN.
• HE and Hc obtained at low temperature in this system are very large compared with
the conventional bilayer exchange bias systems. As the ﬁlm structure is proposed as
Co particles in CoO matrix, the interface area between Co and CoO are much larger
and contribute to the large HE and Hc.
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• Strong exchange coupling can be locally setup by cooling without an applied ﬁeld
because of the local randomly distributed ﬁelds of the Co particles. The large
exchange coupled particles setup during cooling without a ﬁeld are less likely to be
affected by a subsequent cooling ﬁeld.
• The highest blocking temperature TB = 250 K is lower than the Néel temperature TN =
293 K of CoO. TB is also affected by the CoO (or Co) content in the films.
• Both training and magnetic viscosity effect show evidence of thermal activation processes in this Co/CoO disordered system. The viscosity measurements indicate there
is a broad distribution of energy barriers in this kind of samples due to a possible
broad distribution of particle (grain) sizes.
• From the FC temperature dependent curves measured at zero field, one can actually
obtain the temperature dependence of the unidirectional field Hu.
• The temperature dependence of HE follows the typical linear, (1-T/TB), temperature
dependence below the blocking temperature TB found in other exchange bias systems.
Hc for FC and ZFC behave similarly to each other with temperature. However, the
value of Hc for FC is always larger than that for ZFC before they coincide at the temperature of 250 K. Meanwhile, the temperature dependence of Hc for both the FC and
ZFC does not fit a (1-T/TB) dependence.
• There is a broad distribution of blocking temperatures which might be caused by a
broad distribution of Co particle sizes.
• The broad peak is found in the magnetic viscosity dependence on temperature
between 50 and 100K. The reason for the broad peak can be explained by a distribution of Co particle sizes and the effect of the unidirectional anisotropy induced by the
exchange coupling. The sample with more CoO content (thicker CoO shell) has a
larger viscosity than the sample with less CoO content. The anisotropy of thinner
CoO might be smaller and less energy is needed for reversal.
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Chapter 3 Epitaxial Fe/KFeF3 - Model Interface
System
3.1 Introduction
In Chapter 2 we discussed HE and other magnetic properties in a disordered system
grown by sputtering technique. The difficulties in understanding HE are due to
uncertainties about the interface structure. The nature of the HE has been shown in
Chapter 1 and Chapter 2 to depend sensitively on the interface structure. It is essential to
study HE for model experimental systems in which the interface structure can be carefully
controlled. Molecular beam epitaxy (MBE) technique was then chosen to prepare samples
because it is possible to grow clean, atomically smooth and well-defined interfaces by
MBE.86—91
This Chapter will discuss HE in a model system Fe/KFeF3 grown by MBE. This system
is interesting because KFeF3 is a reasonably well characterized Heisenberg
antiferromagnet with low anisotropy and cubic structure.92, 93 As the lattice mismatch
between Fe and KFeF3 is about 1.5%, it is experimentally possible to grow Fe/KFeF3
bilayer films as a model experimental system with a compensated interface by MBE. As
discussed in Chapter 1, a problem in exchange bias is to understand exchange bias at
compensated interfaces.4, 6
All samples measured by SQUID show HE and an enhanced Hc at temperatures below
TN = 112 K. For single crystal samples with 50 nm thick KFeF3, HE and Hc are linearly
dependent on the Fe thickness tFM. For sample with polycrystalline KFeF3 HE and Hc are
significantly larger than the equivalent single crystal films. Samples with either very thin
or very thick single crystalline KFeF3 have also considerably large HE and Hc. The seed
layer effect on HE and Hc has been discussed and a model is provided to explain how HE
and Hc have been extracted from the hysteresis loop measurements. The HE and Hc
dependence on thickness, temperature, AFM orientation and interface quality has been
discussed.
This Chapter is organized as follows. Section 3.2 describes the properties of the
materials used in this exchange bias system are reviewed and an explanation about the
film structure is provided. Then in Section 3.3, sample preparation by MBE is described
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and sample characterization by RHEED and x-ray is revealed. This is followed in
Section 3.4 by the magnetic measurements using SQUID. Attention is given to explaining
seed-layer contributions appearing in the hysteresis loops before discussing the possible
origins of the HE and Hc enhancement. A method is provided to eliminate the seed layer
effect and subtract the actual HE and Hc from the hysteresis measurements. For all
samples examined by SQUID, HE and Hc enhancement are observed at temperatures
below TN, however, the magnitude of these fields for samples do not appear to be fully
related to magnetic anisotropies expected in bulk single crystals of KFeF3. For the
polycrystalline sample, the HE and Hc are much larger than those of the single crystalline
samples due to the fact that the long range AFM properties, such as the formation of
domains or the anisotropy, may change, thus influencing HE and Hc. In Section 3.5, the
thickness effects of both the FM and AFM on HE and Hc are studied. In Section 3.6, the
temperature dependence of HE and Hc is then discussed. The HE and Hc dependence on
AFM orientation is also investigated in Section 3.7. A weak ferromagnetic transition
found in the AFM KFeF3 plays an important role in determining HE and Hc. More
interestingly, this weak ferromagnetic transition depends not only on temperature but also
on thickness and crystallinity of the KFeF3 film. In Section 3.8, a brief discussion of
interface quality on HE and Hc is provided. Finally, Section 3.9 summarizes the key
findings in this Chapter and further discussion is provided as well.

3.2 Details of Fe, KFeF3 and Film Structure
This section looks at the properties of the materials used in this exchange bias system
and the film structure.
The body-centered-cubic (bcc) crystalline Fe with a lattice constant of 0.287 nm is
shown in Fig. 3-1a. The Curie temperature Tc is 1043 K. The easy axis (EX) is in the
<100> directions and hard axis (HX) in the <111> directions. However, the in plane (100)
HX for bcc Fe is in <110> directions.13 KFeF 3 is a cubic perovskite. An Fe2+ ion in this
compound is surrounded by six octahedrally fluorine ions. The KFeF3 structure is shown
in Fig. 3-1b. KFeF3 is a Heisenberg antiferromagnet. It has an antiferromagnetic state
below the Néel temperature (TN) of 112 K.94 The antiferromagnetic ordering in KFeF3 is
accompanied by a slight rhombohedral distortion along [111] direction at T < TN = 112
K.95 The EX is along <111> direction below TN.96, 97
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(a) Fe, bcc, a = 0.287 nm

(b)

KFeF3, cubic, a = 0.412 nm

Figure 3-1. Crystalline structure of (a) bcc Fe and (b) cubic perovskite KFeF3.

Another transition - weak ferromagnetic transition - at lower temperature was found
and concluded from the Mössbauer measurements, and a canted spin arrangement was
proposed in Fig. 3-2 for the state below Tc = 40 K.96, 97, 98 The crystal symmetry is lower
than the rhombohedral symmetry and may be monoclinic.99 Experimentally, we found
that this weak ferromagnetic transition seems to depend not only on temperature but also
on many other parameters, such as, defects and thickness of KFeF3.
~ 5º (at 4.2 K)
[ 111 ]
S2

S1
[ 110 ]

Figure 3-2. Spin arrangement below Tc. Due to the spin canting, a net moment appears in [ 110 ] direction.

3.2.1 Film structure
In general, the film structure is as that shown in Fig. 3-3. Most of the samples were
made with a seed Fe layer. Several films were made without a seed layer in order to
compare the magnetic properties with the samples with a seed layer and reduce the seed
effect on some of the measurements for the main Fe layer.
Seed layer is normally important in terms of avoiding magnetic “dead” layer due to
chemical reaction between GaAs substrate and the Fe film.
GaAs (001) substrate was chosen because the lattice constant of bcc Fe (a = 0.287 nm)
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is slightly larger (1.6%) than half the lattice constant of GaAs (a = 0.565 nm). Studies on
direct growth of Fe on GaAs (001) can be found in literatures.100—109 In general, Fe film
grown directly on GaAs (001) has defects such as dislocations, strains and an in-plane
uniaxial magnetic anisotropy unexpected from the crystal symmetry of bulk bcc Fe102—
109 The defects and other anisotropies induced can be reduced by Fe lattice relaxation with

the increase of Fe film thickness.109 In this project, however, we need to grow ultrathin
Fe films (< 3 nm) in order to produce profound exchange bias.
Ag has fcc structure with a lattice constant a = 0.409 nm.65 The two Ag atom distance
in the diagonal direction of Ag (001) plane is 0.289 nm, which is very close to the Fe
lattice constant 0.287 nm. High quality bcc Fe films grown epitaxially on Ag (001)
substrate or Ag buffer layers on Fe-precovered GaAs (001) were reported.110—114 In this
project, we chose Ag as a buffer layer deposited on Fe-precovered (seed layer) GaAs
(001) to provide a smooth template for further main Fe layer growth. The Ag thickness is
normally about 75 nm which is thick enough to separate the seed Fe layer and the main
Fe layer from interacting with each other. Some samples were made without a seed Fe
layer in order to perform other magnetic measurements.

Figure 3-3. Typical film structure.

3.3 Sample Preparation & Structural Characterization
3.3.1 Sample preparation
Ga terminated GaAs (001) substrates were used for all film growth. Substrates were
cut in 20 mm square along the [001] direction in a clean room.
First, the substrates were etched by hydrofluoric acid (1% by volume) in an ultrasonic
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bath for 5 minutes. The etched substrates were cleaned with fresh boiling ethanol twice
for 5 minutes each time then washed in fresh boiling isopropanol 3 times for 5 minutes
each time. Finally, the substrates were blow-dried with dry nitrogen gas. The cleaned
substrate was placed in the MBE sample airlock chamber as soon as possible to minimize
exposure to ambient room conditions. Evacuating the airlock and transferring the
substrate to the manipulator stage required 30 minutes.
Further in-vacuo cleaning of the substrates took place in the analysis chamber. The
surface condition was monitored using Auger electron spectroscopy (AES). At this stage,
the main surface contaminants in terms of chemical elements were hydrogen, carbon,
nitrogen and oxygen. The hydrogen and carbon were most likely to be hydrocarbon
residue from the cleaning process. The nitrogen and oxygen were attributed to the
exposure to the ambient environment. All the contaminants were removed by heating the
substrate up to 1000 K.
The surface was then sputtered along [001] and [010] directions with Ar ions (0.5 kV
beam energy and 20 mA emission current) at an elevated temperature of 1000 K. The
sputtering spot size is about 5 mm in diameter. A relatively low Ar partial pressure of
5×10-5 Torr was used, to avoid excessive ion-etching of the GaAs. The sputtering process
(spot scanning) was arranged such that the whole effective substrate area (excluding the
areas covered by the mounting clamps) was sputtered to ensure uniform ion bombardment
over the entire surface. A single sputtering cycle lasted for 10-20 minutes. This sputtering
process is also an effective cleaning process to remove any contaminants from the
substrate surface.
Annealed at 1000 K, surface relaxations on the GaAs (100) plane would favour the
formation of a (2×4) surface reconstruction.115 This particular surface state was desired
because it forms a Ga-terminated plane on which to grow Fe, without the problem of
magnetically “dead” layers due to interdiffusion of As into the Fe matrix. The progress of
the surface reconstruction was monitored by RHEED (see Fig. 3-4). Image was acquired
at 10 keV beam energy and directed along the [110] azimuth. Faint streaks appear in
between the principle reflections, indicative of surface reconstruction.
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Figure 3-4. GaAs substrate reconstruction by Ar ions sputtering. A 10keV beam was directed along the
[001] azimuth. Three dimmer lines in between long and bright lines indicate the reconstruction is
(2×4).115

After the surface reconstruction, the substrate was then transported to MBE growth
chamber under ultra-high vacuum. The base pressure was maintained at about 10-9 torr
throughout the film growth process. Except the growth of KFeF3, all other film growth
was done using thermal cells. A thin Fe seed (0.45 - 0.75 nm) layer was grown followed
by a 75 nm thick Ag template at room temperature. RHEED patterns of seed layer Fe and
template Ag are shown in Fig. 3-5. The whole sample was annealed at 580 K overnight to
improve interface smoothness and reduce crystalline defects prior to the growth of the
main Fe layer at room temperature. The KFeF3 layer was deposited at 473 K using a 6 kV
e-beam evaporator with a crystalline KFeF3 source. The maximum deposition rate 2 nm/
s is controlled by the emission current of the e-beam evaporator. Polycrystalline and
single crystal KFeF3 films were obtained simply by controlling the deposition rate (ebeam emission current) of the KFeF3 during KFeF3 growth. A polycrystalline KFeF3 film
tends to form at a large deposition rate. A capping layer of 2 nm thick Au was deposited
before the sample was exposed to ambient conditions for measurements. Fig. 3-6 revealed
the main Fe layer and KFeF3 images obtained by RHEED. The structure of the films is
sketched in Fig. 3-3. All the sample thickness was monitored by a Sigma quartz crystal
thickness monitor.
RHEED patterns in Fig. 3-5 show epitaxial growth of seed Fe and template Ag layers.
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(a)

(b)

(c)

Figure 3-5. RHEED patterns of (a) seed layer Fe 0.75 nm, (b) Ag 2 nm and (c) Ag 75 nm. A 10keV beam
was directed along the [001] azimuth.

RHEED patterns in Fig. 3-6(a) and (b) show epitaxial growth of main Fe and single
crystalline KFeF3. However, in Fig. 3-6c, the RHEED pattern of rings indicates a
polycrystalline KFeF3. This polycrystalline sample is 113, which was made under a high
deposition rate of KFeF3. Except 113, all the other samples are identified as single
crystalline KFeF3 by in-situ RHEED.

(a)

(b)

(c)

Figure 3-6. RHEED patterns of (a) main 1.45 nm Fe layer, (b) 50 nm single crystalline KFeF3 and (c) 50
nm polycrystalline KFeF3. A 10keV beam was directed along the [001] azimuth.

Because of epitaxial growth of Fe and KFeF3, the interface between Fe and KFeF3 at
(001) should be fully compensated. The schematic of the interface is shown in Fig. 3-7.
Note that the Fe [001] EX and KFeF3 [001] axis differ by 45 degree because the bcc Fe
atoms take the spaces in between the Fe2+ ions in the KFeF3.
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Figure 3-7. An ideal Fe (001)/KFeF3 (001) compensated interface. The bcc Fe unit cell with a lattice
constant of 0.287 nm is shown in darker colour and the Fe atoms belonging to the KFeF3 cell are shown in
lighter colour with a lattice constant of 0.412 nm.

Sample details are listed in Table 3-1. There are two major series of samples: one series
of samples with different thickness of ferromagnet Fe from 1.05 nm to 2.1 nm and the
same 50 nm thick KFeF3; another series of samples with different thickness of KFeF3
from 2.5 nm to 500 nm and a 1.45 nm (or close) thick Fe layer. The latter series of
samples, for example, sample 119 and sample 120 were made in pairs on a same piece of
substrate in order to reduce the possible thickness error from the thickness monitor if
samples are made at different time. This is essential because the ferromagnet Fe thickness
is a very important parameter in terms of comparing exchange bias of different samples.
After the deposition of certain thick KFeF3, a fast-moved shutter was placed in between
the sample and the KFeF3 material source to stop the deposition. Then half of the sample
was covered by a well-controlled shutter and the fast-moved shutter was removed to
continue the KFeF3 deposition for the uncovered half of the sample. In this way, both the
samples have exactly the same thickness of Fe but different thickness of KFeF3.
All the samples have single crystalline Fe and KFeF3 except two samples have
polycrystalline KFeF3. Note the samples 130 - 139 have no seed layer Fe. The seed Fe
thickness was reduced from 0.75 nm to 0.45 nm then 0 nm (no seed layer) for some
samples. This is because there exist two resonant peaks in FMR measurements, which will
be discussed in more detail in Chapter 5.
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Table 3-1. Sample details. Sample names joint by the sign “&” were made on a same piece of substrate
with the same thickness of Fe but different thickness of KFeF3.
Sample Name

Film Structure

Seed Fe/Ag template

109

Fe 1.45 nm (poly?)/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 75 nm

112

Fe 1.30 nm/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 75 nm

113

Fe 1.60 nm/(KFeF3 50 nm single/poly)

Fe 0.75 nm/Ag 75 nm

114

Fe 1.05 nm/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 75 nm

115

Fe 1.60 nm/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 75 nm

116

Fe 2.10 nm/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 60 nm

117

Fe 1.90 nm/(KFeF3 22.5 nm single)

Fe 0.75 nm/Ag 75 nm

118

Fe 1.90 nm/(KFeF3 50 nm single)

Fe 0.75 nm/Ag 75 nm

119&120

Fe 1.5 nm/(KFeF3 50nm/100nm single)

Fe 0.75 nm/Ag 75 nm

121&122

Fe 1.45 nm/(KFeF3 250nm/500nm single)

Fe 0.75 nm/Ag 75 nm

123&124

Fe 1.47 nm/(KFeF3 5nm/10nm single)

Fe 0.65 nm/Ag 75 nm

125&126

Fe 1.45 nm/(KFeF3 2.5nm/7.5nm)

Fe 0.45 nm/Ag 75 nm

127&128

Fe 1.45 nm/(KFeF3 250nm/500nm poly)

Fe 0.45 nm/Ag 75 nm

129

Fe 1.05 nm/(KFeF3 50 nm single)

Fe 0.45 nm/Ag 75 nm

130

Fe 1.45 nm/(KFeF3 50 nm, single)

Fe 0 nm/ Ag 50 nm

131

Fe 1.05 nm/(KFeF3 50nm, single)

Fe 0 nm/ Ag 50 nm

132&133

Fe 1.45 nm/(KFeF3 27nm/54nm, single)

Fe 0 nm/ Ag 30 nm

134&135

Fe 1.45 nm/(KFeF3 5nm/10nm, single)

Fe 0 nm/ Ag 30 nm

136&137

Fe 1.45 nm/(KFeF3 5nm/10nm, single)

Fe 0 nm/ Ag 30 nm

138&139

Fe 1.45 nm/(KFeF3 2.5nm/7.5nm, single)

Fe 0 nm/ Ag 31 nm

3.3.2 Sample ex-situ characterization
The sample ex-situ characterization conducted by XRD and SQUID is shown here.
More results conducted by FMR and Magneto-optical Kerr effect (MOKE) magnetometer
will be shown in Chapter 5. XRD was performed by a Simens D5000 diffractometer using
Cu-Kα radiation. The result of the polycrystalline sample 113 is shown in Fig. 3-8. Here
only KFeF3 and Ag are marked.

57

Synthesis and Characterization of Magnetic Thin Films - Exchange Bias Systems

Ag

CPI (arbitrary unit)

(111) (200)

KFeF3

(111)

(110)
(222)
(311)

30

40

50

60
70
θ
2θ (degree)

80

90

Figure 3-8. XRD of 113 with polycrystalline KFeF3. Here only KFeF3 and Ag peaks are marked. In this
sample, the appearance of Ag (111) peak indicates Ag film is not perfect single crystalline.

XRD shows Ag is not a perfect single crystal and other peaks of KFeF3 appear.

3.4 Magnetization measurements
Magnetization measurements were conducted by a SQUID Magnetometer. Samples
were cooled from room temperature in a 10 kOe field to the target temperature then the
hysteresis loops were taken along the original cooling field direction. Diamagnetic
contribution from the GaAs substrate was subtracted using the linear slop of the hysteresis
loop at high field.
Due to the existence of the seed layer, hysteresis loops obtained by SQUID are
affected. The seed layer not only increases the sample "nominal" magnetization (per
volume) of the measured hysteresis loop but also changes the measured HE and Hc. The
following three sections explain what the seed layer effect is on the measured hysteresis
loop and how the actual HE and Hc have been subtracted from the measured values.

3.4.1 Seed layer effect on the shape of hysteresis loop, HE and Hc
The measured hysteresis loops can appear in different ways because of the seed Fe
layer. It is sometimes confusing to obtain the correct values of HE and Hc from the
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hysteresis loop measurements, especially, when the coercivities for both main and seed
layers are comparable. Here we present a simple way to distinguish the reversals
corresponding to the main Fe layer and the seed Fe layer to extract the correct values of
HE and Hc from the SQUID measurements. Detail is as following.
Fig. 3-9 shows three typical hysteresis loops seen in the SQUID measurements for
some samples with single crystalline KFeF3. The measured hysteresis shapes (shown in
continued thick line) depend on the relative values of Hc1 (left side coercivity) and Hc2
(right hand side coercivity) of the biased Fe layer loop (shown in dashed line), and the
values of Hc1* and Hc2* (Hc1* = Hc2*) of the unbiased seed Fe layer loop (shown in dotted
line).
Fig. 3-9a is the most common loop seen in most of the single crystalline samples where
the thinner seed layer has lower magnetization and larger symmetric coercivity (Hc1* =
Hc2*), whereas the biased main Fe layer has higher magnetization and smaller but
asymmetric coercivity (Hc1 > Hc2). In this case, the sharp, symmetric transitions happen
in first and third quadrants and are due to the seed layer, whereas the two non-symmetric
transitions in the second and fourth quadrants are due to the main coupled Fe layer.
Accordingly, in Fig. 3-9b, two transitions in the first and second quadrants belong to the
seed Fe, the other two belong to the main Fe layer. In Fig. 3-9c, two transitions in the
second and fourth quadrants belong to the seed Fe, the other two belong to the main Fe
layer. In all these three cases, the Hc1 and Hc2 obtained from the hysteresis loop
measurements are the true values of the main layer because both the main layer and the
seed layer hysteresis loops are perfectly square, hence the seed layer does not affect the
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Figure 3-9. Different hysteresis loop models for an ideal case where the seed and main layer hysteresis
loops are square. The loop shape depends on the relative coercivity values of Hc1 and Hc2 of the biased Fe
layer, and Hc1* and Hc2* of the unbiased seed Fe layer. (a) Hc1 < Hc1*, Hc2 < Hc2*; (b) Hc1 > Hc1*, Hc2 <
Hc2*; (c) Hc1 > Hc1*, Hc2 > Hc2*.

In reality, the hysteresis loops for the main Fe layers display a lack of squareness as
shown in Fig. 3-10, especially for the polycrystalline samples and the samples with very
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Figure 3-10. Different hysteresis loop models for some cases where the main layer hysteresis loop is not
particularly square. The relative magnetization ratio keeps constant. The loop shape depends on the
relative values of Hc1 and Hc2 of the main biased Fe layer, and Hc1* and Hc2* of the unbiased seed Fe
layer. (a) Hc1 < Hc1*, Hc2 < Hc2*; (b) Hc1≈Hc1*, Hc2 < Hc2*; (c) Hc1 > Hc1*, Hc2 > Hc2*.

It will be shown later the lack of squareness is due to a broad distribution of activation
energies for reversal. Then, the effect of the seed layer on the obtaining of HE and Hc from
the hysteresis loop measurements becomes significant as the additional seed layer
magnetization shifts the main layer hysteresis loop. Correction is needed for obtaining the
correct values of Hc1 or Hc2 of the main Fe layer from the nominal measured values of
H ′ and H ′ from the hysteresis loop measurements. In all cases, the seed layer loops are
c1

c2

all square which is confirmed experimentally because the seed layer is single crystalline
with no interaction with the AFM fluoride.
In general, the change of Hc1 or Hc2 depends on the slope of the main layer hysteresis
loop, the relative values of Hc1 (main layer) and Hc1* (seed layer) or Hc2 (main layer) and
Hc2*(seed layer), and the magnetization of the seed layers Mseed. Fig. 3-11 is the
magnified part of the hysteresis loop in the second and third quadrants of the Fig. 3-10a.
Note that the main Fe loop has been shifted vertically up by a magnitude of the seed layer
magnetization change Mseed. Therefore, in Fig. 3-11, the point B where the actual
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coercivity is taken has been shifted up to the point C by an amount of Mseed. The Hc1 is
artificially enhanced from point B to A and the difference between the nominal measured
value H ′ of the measured hysteresis loop and the actual value H due to the Fe
c1

c1

hysteresis loop is defined as ΔH. In the triangular geometry ΔABC defined by Mseed (BC
in the triangle ΔABC), ΔH (AB in the triangle ΔABC) and the angle θ (the angle ∠CAB)
shown in Fig. 3-11, ΔH can be determined by ΔH = M /tanθ, thus, H = H ′ – ΔH.
seed

c1

c1

Similarly, Hc2 can be found as well.

M

Magnetization (arbitary unit)

Main

seed

Seed
M+S

H

′

ΔH

c1

C

θ

0
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A

H

c1

Magnetic Field (arbitary unit)
Figure 3-11. Partly enlarged of Fig. 3-10a. Here ΔH is the change of Hc1 due to the seed layer, which is
associated with the seed layer magnetization Mseed and the slope of the main Fe layer loop k = tanθ.

The general equation for obtaining the actual value of Hc1 or Hc2 is defined by the
following equation,
M seed
′ ± -------------H cn = H cn
kn

(3.1)

′ is the nominal measured coercivity in
where Hcn is the actual value coercivity and H cn
the hysteresis loop, kn = tanθ is the slope of the loop at the demagnetizing or magnetizing
branch and Mseed is the seed layer saturation magnetization. The sign of “+” or “-” is
determined by the relative strength of the coercivity. In Fig. 3-10a, Hc1 < Hc1*, Hc2 <
Hc2*, “-” sign is used in the Eq. 3.1.
A confusing situation is shown in Fig. 3-10b. Here Hc1 ≈ Hc1* and the seed layer
transition crosses the second and third quadrants and the main layer hysteresis loop has
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been broken into two pieces. The hysteresis loop above the x-axis has been shifted up with
an enhanced Hc1, whereas the hysteresis loop below the x-axis has been shifted down
causing a decreased Hc1. The measured coercivity is actually the coercivity of the seed
layer. Before applying the Eq. 3.1 to calculate the actual coercivity Hc1, one can obtain
H ′ by extrapolating either the upper part or the lower part of the hysteresis loop to the
cn

x-axis (M = 0) and taking the field value. However, the “+” or “-” sign will be applied
differently in Eq. 3.1 to obtain the actual Hc1; whereas Hc2 < Hc2*, “-” sign is used in the
Eq. 3.1 to obtain Hc2. In Fig. 3-10c, Hc1 > Hc1*, “+” sign is used in Eq. 3.1. Also, Hc2 >
Hc2* and the average of the values will be used to find the actual Hc2.
In order to calculate the coercivity Hc1 and Hc2 using Eq. 3.1, the seed layer
magnetization Mseed must be known in advance. There are at least two ways to obtain the
value of Mseed from the measured hysteresis loop. One way is to measure directly the
magnetization change corresponding to the seed layer in the measured hysteresis loop.
This accounts to roughly half of the magnetization change at coercivity. This requires
many more measuring points in the hysteresis loop in order to find out the exact value of
Mseed as it is temperature dependent and also varies from sample to sample. It becomes
more difficult to extract the Mseed when both the seed layer and main layer coercivity are
close to each other. Another way is to calculate the Mseed from the total saturation
magnetization Mtotal of the measured hysteresis loop using the thicknesses of the seed Fe
layer tseed and the main Fe layer tmain by the equation,
t seed
M seed = ------------------------------- M total
t seed + t main

(3.2)

The total film magnetization of samples measured is smaller than the magnetization
calculated using the saturation magnetization 4Ms = 2744 emu/g (298 K) of the bulk
material Fe32 according to the thicknesses of the seed layer and the main layer. Notice that
the films studied are quite thin, from 1.05 nm to 2.1 nm for the main Fe layers and 0.45
nm or 0.75 nm for the seed layer. So the thin film magnetization could be different from
that of the material in bulk due to surface effects. We have compared the saturation
magnetization ratio of the seed Fe layer and the main Fe layer obtained from the hysteresis
loop with that calculated by the thicknesses of the seed and main Fe layers. The ratio
difference between the two ways is compared and found to be within 10%, indicating both
ways to obtain the value of Mseed are consistent. For simplicity and convenience, Eq. 3.2
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was used to obtain the value of Mseed assuming Ms is the same for the seed and main film.
3.4.1.1 The seed layer effect on HE and Hc
In most cases where the seed layer Hc is larger than the main Fe layer, “+” and “-” signs
will be applied for calculating both Hc1 and Hc2 using Eq. 3.1. The seed layer effect ΔH
= Mseed/k will be cancelled out in Eq. 3.1 if the slopes of k are the same at both sides of
the hysteresis, therefore, HE will not be affected by the presence of the seed layer.
However, if one of the seed layer transitions across the x axis, the effect of the seed layer
ΔH = Mseed/k will be present in calculating HE by Eq. 3.1. In fact, the slopes of k are
slightly different at different sides of the hysteresis loop, therefore, the presence of a seed
layer has a small effect on the change of HE, which can be seen in Table 3-2 and Table 33. Hc is affected in most cases by the seed layer since ΔH = Mseed/k appears in the Eq. 3.2.
Table 3-2 shows the results of the EX HE and Hc for different samples before and after
the seed layer correction at a temperature of 10 K. Note that the effect of the seed layer is
small for the samples with 50 nm single crystalline KFeF3 (samples 109 – 119, excluding
113) but large for the sample 113 with a polycrystalline KFeF3 and some samples with
very thin and thick KFeF3, for example, samples 117 and 121 – 127.

Table 3-2. HE and Hc at 10 K before and after the seed layer correction. Symbols with “´” are values
obtained before correction whereas symbols without “´” are values obtained after correction. The two
slopes are different.
H´c2
(Oe)

H´E
(Oe)

H´c
(Oe)

H´c1
(Oe)

109

-164.0 105.3

29.4

112

-121.1

30.7

HE
(Oe)

Hc
(Oe)

Slope
k1

Slope
k2

134.7 -121.4

68.4

26.5

94.9

0.3607

0.4176

4.52

90.4

-106.5

45.1

30.7

75.8

1.89

1.88

7.84

113

-378.0 112.5 132.8 245.3 -401.5

92.4

154.6

247.0

1.63

1.91

12.02

114

-252.8 416.7 -82.0 334.8 528.4

207.7

160.4

368.1

0.182

0.240

12.04

115

-112.1

66.7

22.7

89.4

-95.0

49.9

22.6

72.5

1.42

1.45

7.62

116

-70.3

34.3

18.0

52.3

-67.8

32.1

17.9

50.0

15.52

17.48

14.91

117

-309.4 153.1

78.2

231.3 -235.0 108.1

63.5

171.6

0.421

0.698

11.07**

118

-65.4

29.3

18.1

47.4

-59.8

25.3

17.3

42.6

4.20

5.85

8.28

119

-70.4

19.4

25.5

44.9

-66.4

15.9

25.3

41.2

7.25

8.39

8.78

120

-173.3 126.7

23.3

150.0 -151.9 101.2

25.4

126.6

1.93

1.62

12.41**

121

-2850

497.0

2087

0.0342

0.0516

28.03**

59.7

1767 541.5 2309

Hc1
(Oe)

MT (10-

Hc2
(Oe)

Sample
name

-2583

1590
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Table 3-2. HE and Hc at 10 K before and after the seed layer correction. Symbols with “´” are values
obtained before correction whereas symbols without “´” are values obtained after correction. The two
slopes are different.
H´E
(Oe)

MT (10-

Sample
name

H´c1
(Oe)

H´c2
(Oe)

H´c
(Oe)

Hc1
(Oe)

Hc2
(Oe)

HE
(Oe)

Hc
(Oe)

Slope
k1

Slope
k2

122

-3117

1800 658.5 2459

-2840

1596

622.0

2218

0.0099

0.0134

8.40**

124

-1011 711.1 149.9 861.1 -943.4 652.8

145.3

798.1

0.0174

0.0202

3.836

125

-1633

27.2

80.8

0.00047 0.00048

3.02

1550 41.50 1592 -107.9

53.6

5

emu)

127
-422.0 327.0 47.50 374.5 -297.4 223.9 36.8 260.7 0.0273
0.033 14.36**
Note the unit of the slope is 10-6 emu/Oe. The values marked with ** contain other ferromagnetic
component.

3.4.1.2 .Ferromagnetic contribution of the fluoride on HE and Hc
For those samples with polycrystalline KFeF3, very thick KFeF3 or very thin KFeF3,
there is another possible ferromagnetic contribution from the KFeF3 because of the
ferromagnetic transition. This extra ferromagnetic component can act as another seed
layer and causes shift of the hysteresis loop and the change of the hysteresis slope k.
Unfortunately, it is not possible to isolate the exact hysteresis of the ferromagnetic
component from KFeF3 to extract the magnetization and slope changes at the same time,
so the HE and Hc of these samples with very thick KFeF3 may not be reliable. It has been
suggested that the ferromagnetic transition temperature is 40 K for KFeF3. From the data
marked with double stars (**) in Table 3-2 and Table 3-3, we do see large magnetization
increase for these samples below 40 K. However, above 40 K, the ferromagnetic
component from KFeF3 is still observable for these samples with thick KFeF3, indicating
the ferromagnetic transition has not finished yet above 40 K.
The easy axis (EX) HE and Hc obtained at 40 K are listed in the Table 3-3. Compared
with the results listed in Table 3-2, HE and Hc are smaller, the slopes increase (hysteresis
becomes more square), the total magnetization MT drops, especially, for the samples with
very thick KFeF3 and the two side slopes have a similar trend as those at 10 K (except the
sample 127). The slope at different temperatures may indicate the distribution of
activation energies is sensitive to temperature, narrower at high temperature and broader
at low temperature. Further details about the hysteresis loops with the very thin and very
thick KFeF3 will be shown later in this chapter.
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Table 3-3. Exchange bias and coercivity at 40 K before and after the seed layer correction. Symbols with
“´” are values obtained before correction whereas symbols without “´” are values obtained after correction.
The two slopes are different.
MT (10-

Sample
name

H´c1
(Oe)

H´c2
(Oe)

H´E
(Oe)

H´c
(Oe)

Hc1
(Oe)

Hc2
(Oe)

HE
(Oe)

Hc
(Oe)

Slope
k1

Slope
k2

109

-89.6

59.0

15.3

74.3

-65.3

35.6

14.9

50.5

0.869

0.900

6.19

112

-58.1

29.4

14.4

43.8

-53.1

17.7

17.7

35.4

7.82

3.37

10.75

113

-126.7

55.8

35.5

91.3

-123.2

52.9

35.2

88.1

10.94

13.02

11.87

114

-236.7 158.3

39.2

197.5 -122.3

57.7

32.3

90.0

0.416

0.455

11.42

115

-66.7

44.4

11.2

55.55

-49.4

27.4

11.0

38.4

1.454

1.479

7.86

116

-49.3

31.9

8.7

40.60

-46.2

30.4

7.9

38.3

12.19

25.13

14.19

117

-136.7 115.0

10.9

125.8 -111.6

90.7

10.5

101.2

1.194

1.236

10.61**

118

-47.9

26.4

10.8

37.2

-39.4

18.9

10.3

29.2

2.369

2.679

7.13

119

-46.7

13.3

16.7

30.00

-43.0

9.8

16.6

26.4

7.838

8.409

8.76

120

-59.7

25.7

17.0

42.70

-56.1

22.3

16.9

39.2

12.75

13.29

13.75**

121

-777.8 555.6 111.1 666.7 -175.5

84.0

45.8

129.8

0.0570

0.0728

10.07**

122

-1267 877.8 194.6 1072 -410.5 125.7

142.4

268.1

0.0144

0.0164

3.618**

124

-844.0 788.0

816.0 -176.9 166.1

5.4

171.5

0.0165

0.0177

3.59

-180.0 144.4 17.80 162.2 -139.7 102.7

18.2

121.2

0.5415

0.5237

9.224**

28.0

5

emu)

125
127

Note the unit of the slope is 10-6 emu/Oe. The seed layer effect is not seen in the SQUID measurement
of the sample 109 through all different temperatures. The seed layer seems magnetically “dead” possibly due to the overnight heat-treatment of the seed layer Fe with Ag template. The absence of seed
layer effect is not seen in other samples with similar structure. The values marked with ** contain other
ferromagnetic component.

3.5 Thickness dependence of HE and Hc
The effects of the thickness of the AFM and FM layers in exchange bias systems have
been studied in detail.4 Here we present and discuss the main results of the FM and AFM
thickness on HE and Hc. Thickness dependences of HE and Hc were measured at 10 K and
40 K as the exchange coupling between Fe and KFeF3 may be different at different
temperatures due to the ferromagnetic transition in KFeF3 below 40 K.

3.5.1 FM thickness tFM on HE and Hc
It has been found HE is roughly inversely proportional to the thickness of FM layers118
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1
H E ∝ --------t FM

(3.3)

indicating HE is an interface effect. If the FM film is too thin, the relation is not valid,119
probably because the FM layer becomes discontinuous or the microstructure and growth
of the FM layer.4
From the data listed in Table 3-1 and Table 3-2, we can see the changes of HE and Hc
over the Fe thickness tFM for the samples with 50 nm thick, single crystalline KFeF3. As
a general trend, both HE and Hc decrease with the increase of tFM. Fig. 3-12a shows the
thickness dependence of HE at 10 K. Except the sample with tFM = 1.05 nm, a linear
correlation between the exchange bias and the thickness of the main layer of Fe was
found, and also observed for the other KMF3 (M = Ni, Co) systems.120, 121
Fig. 3-12b shows the thickness dependence of HE at 40 K. Note here the linear
relationship between HE and tFM covers even the sample with tFM = 1.05 nm. It may
suggest that the ferromagnetic component from KFeF3 is responsible for the large HE at
10 K. The ferromagnetic transition in KFeF3 may provide more “free” AFM spins
coupling to FM, hence the exchange coupling between Fe and KFeF3 has been enhanced
to result in larger HE at 10 K. The ferromagnetic component from KFeF3 decreases or
vanishes above 40 K for this sample. As a result, HE is back to normal value (inversely
proportional to tFM) at 40 K and above.
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Figure 3-12. HE vs tFM at different temperatures (a) 10 K and (b) 40 K.

Similarly, Hc over tFM behaves almost the same as HE in terms of temperature
dependence. The 10 K and 40 K results are shown in Fig. 3-13a and Fig. 3-13b,
respectively. Again, linear relationship between Hc and tFM is found except the sample
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with tFM = 1.05 nm at 10 K. At 40 K, Hc of the sample with tFM = 1.05 nm is back to
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Figure 3-13. Hc vs tFM at different temperatures (a) 10 K and (b) 40 K.

The large Hc at 10 K suggests that the KFeF3 may be dragged by Fe or external field
during reversal due to the stronger coupling between Fe and KFeF3 resulted from the
ferromagnetic transition below 40 K. Another possibility for the large Hc is that the
activation energies in KFeF3 become broad at low temperature. The broad activation
energies in KFeF3 will affect domain formation and movement in KFeF3, hence will
change the hysteresis slopes. The hysteresis loops obtained at 10 K and 40 K shown in
Fig. 3-14 provide evidence potentially associated with a change in mechanism of
changing activation energies at different temperatures.
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Figure 3-14. Hysteresis loops of the sample 114 at 10 K and 40 K. The seed layer The nearly vertical
transitions cross M = 0 are corresponding to the seed layer. The different hysteresis slopes indicate
different activation energies during reversal at 10 K and 40 K.

3.5.2 AFM thickness tAF on HE and Hc
As stated in Chapter 1, HE requires the condition K AF t AF ≥ J F ⁄ AF to be fulfilled. Thus
as tAF is reduced this condition is violated, moreover the dependence of KAF with AFM
thickness, which has not been studied in detail, may also influence HE. Another important
factor is thickness dependence of TB of the AFM layer. However, we found in this Fe/
KFeF3 system that HE exists for a sample with 2.5 nm thick KFeF3 shown in Fig. 3-15.
HE at 10 K shown in Fig. 3-15a is small (27.2 Oe) at tAF = 2.5 nm then reaches 145 Oe
for tAF = 10 nm then followed by a sharp drop back about 25 Oe for tAF = 50 nm and tAF
= 100 nm. Further increase of KFeF3 thickness results into very large HE of 500 Oe and
more than 600 Oe for tAF = 250 nm and tAF = 500 nm, respectively. At 40 K, HE depends
almost linearly to tFM shown in Fig. 3-15b.
At very thin tAF = 2.5 nm, the KFeF3 spins may follow the motion of the FM layer,
thus small HE is observed. As the KFeF3 thickness increases more KFeF3 spins have been
fixed due to its own anisotropy, however, the rest of KFeF3 spins are “free” and can
enhance the exchange coupling between Fe and KFeF3 to increase HE. For tAF between
50 and 100 nm, most of the KFeF3 spins may be fixed, HE becomes small again due to the
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nature of the fully compensated interface between the Fe and KFeF3. Due to the weak
ferromagnetic transition found in the samples with very thick KFeF3, strong exchange
coupling is setup again between Fe and KFeF3 resulting in large HE. At 40 K, HE depends
on tFM almost linearly due to probably stable condition in KFeF3, therefore only the
thickness tFM accounts.
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Figure 3-15. HE vs tFM at different temperatures (a) 10 K, tAF ranges from 2.5 nm to 500 nm; (b) 40 K tAF
ranges from 10 nm to 500 nm.

Fig. 3-16 shows the Hc dependence on the tAF at 10 K and 40 K. At 10 K, the Hc
dependence on the tAF shown in Fig. 3-16a is almost the same trend as that of HE. The
main difference is that the Hc of tAF = 100 nm is larger than the Hc of tAF = 50 nm,
whereas the HE of both 50 nm and 100 nm are almost identical. This indicates Hc is
controlled by the domain formation and movement in the AFM KFeF3 - more energy
needed in thicker KFeF3. The Hc dependence on the tAF at 40 K has similar trend HE
except the sample with tAF = 10 nm. The large Hc of tAF = 10 nm at 40 K may be caused
by the ferromagnetic transition of KFeF3 resulting in coherent movement of KFeF3 spins
with Fe during reversal, hence an increase in Hc.
The hysteresis shape changes dramatically for these samples with very thin and very
thick KFeF3. More results can be found in Appendix 1.
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Figure 3-16. Hc vs tFM at different temperatures (a) 10 K, tAF ranges from 2.5 nm to 500 nm; (b) 40 K tAF
ranges from 10 nm to 500 nm.

3.6 Temperature dependence of HE and Hc
In last part (Section 3.5), we have already shown the HE and Hc for some samples at
different temperatures (10 K and 40 K). Here systematic temperature dependent results
are shown. The temperature dependences of single crystal and polycrystal samples are
first presented here. As stated in Chapter 1 and the beginning of this Chapter, KFeF3 has
a weak ferromagnetic transition below 40 K. We examined the temperature dependence
of the HE and Hc for different samples to see this weak ferromagnetic transition. There is
no clear evidence showing the ferromagnetic transition for the single crystal samples with
50 nm thick KFeF3. However, the polycrystalline sample 113 does show there is a
transition around 40 K. More interestingly, the transition also tends to happen in the single
crystalline samples with very thin and very thick KFeF3.

3.6.1 Temperature dependence for single and polycrystalline KFeF3
samples.
Fig. 3-17a shows the HE and Hc dependence on temperature for the single crystalline
sample 116. There is no clear evidence to show transition around 40 K for the single
crystalline sample.
There are clear evidences indicating a transition at the temperature 30-40 K. Both the
HE and Hc around 40 K show non-monotonic temperature dependence. This may be
explained by the weak ferromagnetic transition below 40 K due to the antiferromagnetic
spin canting. Since the net moment resulted from the canting is at [110] direction of the
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KFeF3, which is coincident with the [001] EX of Fe at the interface and also the direction
of this measurement taken, it is believed that the coupling strength at the interface is
enhanced below 40 K. The blocking temperature TB when HE vanishes can be found
about 110 K for both the single crystalline and polycrystalline samples in the HE
temperature dependent measurements. The samples 130 and 131 are comparable as they
have the same thickness of KFeF3 and no need layer.
The hysteresis loop of the polycrystalline sample 113 along the same EX taken at 40
K is shown in Fig. A1-7 of Appendix 1. It behaves similarly to that of the single
crystalline sample. If the Hc at low temperatures is due to a broad distribution of activation
energies in the polycrystalline KFeF3, then somehow the distribution appears to become
narrower at high temperature.The possible mechanism responsible for the Hc is probably
caused by the ferromagnetic transition in the antiferromagnet KFeF3 at 40 K.
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Figure 3-17. HE and Hc dependence on temperature for (a) single crystalline sample 116 along the EX
[100] of Fe and (b) polycrystalline sample 113 along the EX [100] of Fe. There is not very clear evidence
to show transition around 40 K for the sample 116, however, a clear evidence shows transition around 40 K
for the sample 113.

Fig. 3-18 shows the HE and Hc temperature dependence of the samples 130 and 131
measured at EX and HX. These are two single crystalline samples without seed layer.
Large anisotropies were found by FMR, which will be discussed in detail in Chapter 5. A
detailed discussion on HE and Hc dependence regarding the AFM orientation can be
found in the following Section 3.7.
Fig. 3-18a shows the HE dependence on temperature for the sample 130. It is clear to
see that the non-monotonic temperature behaviour around 40 K for HE at both EX and
HX. The HE at EX for the sample 131 shown in Fig. 3-18b also displays the non-
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monotonic temperature behaviour around 40 K, which is most likely corresponding to the
weak ferromagnetic transition in the KFeF3. However, the Hc dependence shown in
Fig. 3-18c and Fig. 3-18d for both samples has no clear evidence of this ferromagnetic
transition around 40 K. Note the HE is larger at HX but Hc is larger at EX.
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Figure 3-18. HE and Hc temperature dependence of the samples 130 and 131. These two samples have no
seed layer but large anisotropy found by FMR. (a) HE dependence on temperature at EX and HX for the
sample 130, (b) HE dependence on temperature at EX and HX for the sample 131, (c) Hc dependence on
temperature at EX and HX for the sample 130 and (d) Hc dependence on temperature at EX and HX for the
sample 131. Note the HE is larger in HX than in EX whereas the Hc is larger in EX.

Finally, we note that the blocking temperatures TB are close to the TN = 112 K of the
bulk KFeF3 for most of the samples with 50 nm thick KFeF3. The TB was determined
similarly by the way mentioned in Chapter 2 for the Co/CoO system using the FC and
ZFC temperature dependence of magnetization. The temperature when the FC and ZFC
curves coincide is defined as TB. As an example, Fig. 3-19 shows the temperature
dependence of magnetization for the sample 116. The FC and ZFC curves converge at
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about 110 K.
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Figure 3-19. Temperature dependence of magnetization for the sample 116 at EX. Measurements were
taken under zero field. Both curves converge at 110 K which is close to the TN of the bulk KFeF3.

3.7 AFM orientation on HE and Hc
Due to the interfacial nature of exchange bias, HE may be expected to depend strongly
on spin configuration at the FM/AFM interface. To study this effect some samples have
been investigated using the EX and HX hysteresis loops. Here the EX and HX mean the
EX <100> and HX <110> of the ferromagnet Fe.
As the interface shown in Fig. 3-7, the EX <100> and HX <110> directions of the
ferromagnet Fe are corresponding to the <110> and <100> directions of the KFeF3,
respectively. As stated in the previous part (Section 3.2) the EX of KFeF3 is <111>. With
respect to the EX of KFeF3, the EX hysteresis loop and the HX hysteresis loop are taken
at the angles of 35.4° and 54.7°, respectively. Therefore the exchange coupling strength
seems stronger in the EX hysteresis than the HX because of the small angle in EX
hysteresis loop according to the intuitive equation indicating spin-spin interaction
strength observed experimentally in a FeF2 system4
S AFM • S FM = S AFM S FM cos α
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where α is the angle between both spins.
Fig. 3-20 shows the EX and HX hysteresis loops for different samples. A sharp and
symmetric transition is seen in the EX hysteresis for both the single and polycrystalline
samples in Fig. 3-20a and Fig. 3-20b, and is attributed to reversal of the seed Fe. The seed
Fe reverses after the reversal of the main layer in both the magnetizing and demagnetizing
branches of the hysteresis loop for the single crystalline sample 116 shown in Fig. 3-20a.
For the polycrystalline sample, the seed Fe reverses before the main layer reversal in the
demagnetizing branch, but after the main Fe layer reverses in the magnetizing branch
shown in Fig. 3-20b.
For the single crystalline sample 116 shown in Fig. 3-20a, HE at HX is slightly larger
than that at EX and Hc at EX and HX are almost identical. The HE does not follow the
prediction of Eq. 3.4. It is worth noting that for the uncoupled seed layer the hysteresis
vanishes in the HX measurement, however, the HX hysteresis loop exist and is square for
the biased Fe layer due to the exchange coupling effect between the FM and AFM. The
HE and Hc are much larger at all temperatures for the Fe/KFeF3 structure with a
polycrystalline antiferromagnet (tFM = 1.6 nm). This is opposite to that the HE is larger in
single crystalline fluorite samples found in a similar structure Fe/KCoF3.121 At 5 K we
observed a significant HE of 250 Oe as well as a significant increase of the Hc up to 350
Oe measured at EX.
The interface of the sample 116 is supposed to be compensated. The similar values of
HE and Hc at both EX and HX suggest the spin configuration of AFM may be very close
for the EX and HX hysteresis measurements because of the nature of small anisotropy of
AFM KFeF3. For the polycrystalline sample 113, the HE and Hc at HX are larger than
those at EX shown in Fig. 3-20b. The interface of the polycrystalline sample 113 may
have somewhat disorder which breaks the compensated interface and results in some
uncompensated spins. As a result, a large HE appears because of the exchange coupling
is stronger than that in the single crystalline sample 116. Meantime, the activation
energies in the AFM become broad indicated by the hysteresis slope change. As a result
the, a large Hc shows because of the domain movement has been pinned in the AFM due
to more defects in the polycrystalline KFeF3.
For the sample 130 and the sample 131 shown in Fig. 3-20c and Fig. 3-20d, the large
Hc is mainly due to the large anisotropy of the Fe film found by FMR measurements (see
Chapter 5). The large anisotropy results in larger coercivity at EX than that at HX because
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exchange coupling between the FM and AFM is not strong enough to be comparable with
this large anisotropy in the Fe film. Accordingly, the hysteresis loop behaves more
intrinsically like a single crystalline ferromagnet - larger Hc and more square hysteresis
at EX than at HX. Again, the HE at HX is larger than that at EX. It is likely that this effect
of large HE at HX could be due to some kind of spin re-arrangement at the interface.
Further studies are needed to understand this AFM orientation phenomenon.
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Figure 3-20. Hysteresis loops at EX and HX for different samples. (a) Sample 116, single crystalline
KFeF3 at 10 K, (b) Sample 113, polycrystalline KFeF3 at 5 K, (c) Sample 130 single crystalline KFeF3 at
10 K.and (d) Sample 131 single crystalline KFeF3 at 10 K.

The possible explanation is as such that the KFeF3 anisotropy at different crystalline
directions may be different, which, in turn, accounts for the difference of HE in different
crystalline directions. The Hc, however, is associated with the domain wall energy and
movement in the KFeF3, which is probably not dependent on which crystalline direction
the measurements are taken. So, the values of Hc are the same at [001] and [011]
directions. We note that the exchange bias is small despite the presence of a relatively
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large rotatable anisotropy (see Chapter 5).

3.8 Interface quality effects on HE and Hc
Interface quality is important for HE and Hc because it affects the interface
coupling,122—124 and consequently the magnitude of HE.3, 19, 79, 124, 125 The interface
quality may affect the formation of domains (e.g. by pinning) in the AFM layer or the
amount of uncompensated surface spins and thus influence Hc.
As stated in Appendix 4, RHEED pattern is sensitive to surface morphology, thus it
can be used as a qualitative measure of surface perfection, as the more perfectly periodic
the structure, the sharper the diffraction pattern. The hysteresis measurements by SQUID
can be used to estimate the crystallinity and interface quality, since the more perfect the
crystal structure, the squarer the EX hysteresis loop. FMR linewidth, discussed in
Chapter 5, can be used to evaluate the defects in the crystal structure, the smaller the
linewidth the better quality the sample.
We estimated the interface quality from the in-situ RHEED patterns, the hysteresis
measurements and the FMR linewidth (see Chapter 5). In general, high quality Fe and
KFeF3 films can be grown with a film structure of a seed layer Fe then followed by a Ag
buffer film no less than 60 nm. Without the seed layer Fe or too thin Ag buffer layer (e.g.
30 nm), the Fe and KFeF3 RHEED patterns become somewhat blurred; the squareness of
the EX hysteresis loop is poor and there is a relatively strong inplane uniaxial anisotropy
appearing in the FMR measurements (shown in Chapter 5). Large HE and Hc are observed
in these samples. The uniaxial anisotropy is most likely induced by the surface effect or
defects. Meanwhile, the FMR linewidth becomes large as well. The EX hysteresis loop
tends to be non-square due to the inplane uniaxial anisotropy or structure defects found in
the sample. It is understandable that the induced uniaxial anisotropy tries to keep the FM
spins in the direction other than the EX of Fe resulting non-square hysteresis and large
linewidth. The defects in the structure may cause broad activation energies in the AFM
and result in the non-square hysteresis loops.
The interface quality of Fe and KFeF3 is possibly responsible for the differences of HE
and Hc in single and polycrystalline samples. Polycrystalline KFeF3 should have more
structured defects at the interface, and may therefore provide more uncompensated spins
coupling to the ferromagnet. This would increase the HE. Defects may also account for an
increased coercivity by pinning domain walls in the antiferromagnet when the FM rotates.
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Note that the shape of the hysteresis loop obtained at 5 K for the polycrystalline KFeF3
sample is quite different from that for the sample with single crystalline KFeF3. This may
indicate a broad distribution of activation energies in the polycrystalline KFeF3 sample.
The interface quality of Fe and KFeF3 is possibly responsible for the differences of
exchange bias and coercivity in single and polycrystalline samples. Polycrystalline KFeF3
should have more structured defects at the interface, and may therefore provide more
uncompensated spins coupling to the ferromagnet. This would increase the exchange bias.
Defects may also account for an increased coercivity by pinning domain walls in the
antiferromagnet when the FM rotates. Note that the shape of the hysteresis loop obtained
at 5 K for the polycrystalline KFeF3 sample is quite different from that for the sample with
single crystalline KFeF3. This may indicate a broad distribution of activation energies in
the polycrystalline KFeF3 sample. The hysteresis loops measured at different
temperatures for different samples can be found in Appendix 1. These samples are
supposed to have more interface or structure defects which induce an inplane uniaxial
anisotropy. At the mean time the HE and Hc are largely increased.

3.9 Conclusion
• Epitaxial samples of Fe/KFeF3 were grown by MBE on GaAs (001) substrate with
(2×4) reconstruction. Most of the samples are single crystalline except two samples
with polycrystalline KFeF3.
• The seed layer Fe with a thickness of 0.45 - 0.75 nm (3 to 4 atomic layers) shows
symmetric square EX hysteresis with large Hc due to a large magnetic anisotropy
induced by the surface effect and found by FMR (details in Chapter 5). Initially we
expected the seed layer could be magnetically “dead” because of the possible chemical reaction between the seed Fe and the GaAs substrate due to the overnight annealing (580 K) of the Ag buffer layer.
• Some AFM have weak ferromagnetism. A weak ferromagnetic transition was found in
some samples with polycrystalline KFeF3 and the samples with very thin or very thick
KFeF3 at low temperatures. The historical example is α-Fe2O3.126, 127 The origin of
the weak ferromagnetism has been a subject of much speculation. Néel has suggested
that magnetic impurities128 or imperfections129 may give rise to the spontaneous
magnetization. Li has suggested that the uncompensated moments in the walls that
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separate antiferromagnetic domains may produce the effect.130 Experimentally, however, weak ferromagnetism is present even in very pure crystals. Also, not all antiferromagnetic materials exhibit this phenomena. This results appear to rule out the
foregoing theories. Another mechanism has been proposed by Dzialoshinsky.131 A
tilting of magnetic moments toward one another will result in a net moment. However,
a canted spin arrangement is possible only if the magnetic crystal symmetry is the
same as that when the spins are antiparallel. For KFeF3, this condition is satisﬁed.
• Interestingly, the weak ferromagnetic transition seems to depend not only on temperature but also on the thickness and structure defects of the KFeF3. Single crystalline
KFeF3 with a thickness of 50 nm seems stable and has little evidence of the weak ferromagnetic transition for all the samples investigated.
• Attention is given to explaining seed-layer contributions appearing in the hysteresis
loops before discussing the possible origins of the HE and Hc enhancement. A method
is provided to eliminate the seed layer effect and subtract the actual HE and Hc from
the hysteresis measurements.
• For all samples examined by SQUID HE and Hc enhancement are observed at temperatures below TN, however, the magnitude of these fields for samples do not appear to
be fully related to magnetic anisotropies expected in bulk single-crystals of KFeF3.
For the polycrystalline sample, the HE and Hc are much larger than those of the single
crystalline samples due to the long range AFM properties such as the formation of
domains or the anisotropy may change, thus influencing HE and Hc.
• The thickness effects of both the FM and AFM on HE and Hc have been studied.
Thickness dependences of HE and Hc on tFM for the single crystalline samples with 50
nm KFeF3 were measured at 10 K and 40 K as the exchange coupling between Fe and
KFeF3 may be different at different temperatures due to the ferromagnetic transition
in KFeF3 below 40 K. In general, both HE and Hc are roughly inversely proportional
to the thickness of FM layers except the sample with tFM = 1.05 nm at 10 K. The large
Hc at 10 K suggests that the KFeF3 may be dragged by Fe or external field during
reversal due to the stronger coupling between Fe and KFeF3 resulted from the ferromagnetic transition below 40 K. Another possibility for the large Hc is that the activa-
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tion energies in KFeF3 become broad at low temperature. The broad activation
energies in KFeF3 will affect domain formation and movement in KFeF3, hence will
change the hysteresis slopes.
• The thickness dependence of HE and Hc on tAF is complicated because of the appearance of the ferromagnetic transition in the KFeF3. However, large HE and Hc were
found in the samples with polycrystalline KFeF3 and the samples with very thin or
very thick KFeF3 at low temperatures.
• The temperature dependence of HE and Hc was discussed. Evidences for the ferromagnetic transition in KFeF3 around 40 K were found in the HE temperature dependent results. The blocking temperature TB was found around 110 K which very close
to the Néel temperature TN = 112 K of the KFeF3.
• The HE and Hc dependence on AFM orientation was also investigated. Larger HE at
HX hysteresis and larger Hc at EX hysteresis were found in different samples. The
large HE at HX could be due to some kind of spin re-arrangement at the interface. Further studies are needed to understand this AFM orientation phenomenon. The magnitude of Hc at EX and HX depends on the competition between the FM anisotropy and
the energies involved domain movement in the AFM. For FM with large anisotropy,
the hysteresis loop behaves more intrinsically like a single crystalline ferromagnet larger Hc and more square hysteresis at EX than at HX.
• Once the weak ferromagnetic transition in KFeF3 happens it is also possible that the
AFM spins can be somehow dragged during FM reversal. The largely tilted hysteresis
slope indicates that the magnetic reversal may be controlled by a broad activation
energies in the AFM.
• Interface quality is important for HE and Hc because it affects the interface coupling,
and consequently the magnitude of HE. The interface quality may affect the formation
of domains (e.g. by pinning) in the AFM layer or the amount of uncompensated surface spins and thus influence Hc.
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Chapter 4 Thermal Activation Effects
As described in the previous chapter, the model system Fe/KFeF3 shows HE and
enlarged Hc. However, the behaviour of AFM KFeF3 and the effects on HE and Hc are not
fully understood yet. This chapter looks at training, thermal pulse, waiting time and
thermal fluctuation aftereffects (magnetic viscosity) of this model system, which will
assist a better understanding of the AFM KFeF3, HE and Hc in this system. An
introduction and a detailed theoretical description of the thermal fluctuation aftereffect
(magnetic viscosity) can be found in Chapter 1 and in Appendex 3, respectively.

4.1 Introduction
Thermal activation effects mentioned above are important in exchange bias systems as
they are related the interface structure within the experimental time. In turn, the study of
these thermal behaviours will assist to a better understanding of the exchange bias.
As reported earlier, for systems with a wide range of energy barriers, the variation of
magnetization is linear with logarithm of time (see Eq. 1.9 in Chapter 1).43 This is the
ordinary magnetic viscosity. Anomalous viscosity is also a well-known phenomenon in
which the energy barrier distribution may deviate from the energy barrier distribution by
which the normal magnetic viscosity can be described. For example, in systems with a
narrow distribution of energy barriers, more complex forms of variation of magnetization
with ln t was proposed.132, 133 The value of magnetic viscosity coefficient S(H) is directly
related to the value of the energy barrier distribution f[ΔE(H)] which is activated by the
field (H) in Eq. 4.1:134
S ( H ) = 2M s kTf [ ΔE ( H ) ]

(4.1)

In exchange bias systems, energy barriers in the antiferromagnetic layer are thought to
be important135 as the FM reversal is affected by the AFM due to the interfacial exchange
coupling. Therefore, the magnetic viscosity of exchange bias systems may be different
from the systems without exchange bias.
This chapter is organized as follows. Section 4.2 describes the experimental
procedures, then followed by Section 4.3 - results and discussion - which looks at the
training effect (Section 4.3.1 and Section 4.3.2), thermal pulse (Section 4.3.3), waiting
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time (Section 4.3.4) and magnetic viscosity results (Section 4.3.5). Then in Section 4.4, a
summary is provided and the magnetic viscosity of this model system and the magnetic
viscosity of the disordered system Co/CoO mentioned previously in Chapter 2 are
compared.

4.2 Experiment
The experiment of training effect has already been described in Chapter 2 for the Co/
CoO system. Here, the same method is used to investigate the training effect in this Fe/
KFeF3 system by a SQUID magnetometer with a maximum 70 kOe field. The
experimental details of thermal pulse, waiting time and viscosity measurements are in the
relevant sections. The sample was initialized at each measurement by heating up above
the Néel temperature TN = 112 K of the antiferromagnet KFeF3 then by cooling under a
field of 10 kOe to the desired temperature when the measurements were undertaken in the
SQUID measurements.
The superconductor magnet in the SQUID experiments was quenched to remove any
remanent field before reaching the target field to take measurements. The superconductor
magnet field charging was in “no overshoot” mode which guarantees the real field was no
more than the setting field. The time from zero field (after quenching) to the target field
normally took about 2 min.

4.3 Results and discussion
As described in Chapter 1, the training effect - that HE depends on the number of
measurements - is common in many exchange bias systems. We measured the training
effect of different samples with single crystalline KFeF3 and polycrystalline KFeF3. In
general, the training effect is very little in single crystalline samples but very significant
in the polycrystalline samples.

4.3.1 Training effect in single crystalline sample
Fig. 4-1 shows the training effect at EX of the single crystalline sample 116. The
sample was cooled from room temperature to 10 K under a field of 10 kOe. Five
consecutive hysteresis loops were taken within the field range of ±10 kOe. Very little
change of the hysteresis loop was found in the second cycle.
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Figure 4-1. Sample 116 training effect at 10 K along EX. Almost no training effect was in this sample at
this temperature. The sample was field cooled at 10 kOe from 300 K to 10 K and 5 consecutive hysteresis
loops were taken between ±10 kOe.

However, at 5K the sample displays a stronger training (~2% in 2nd loop). This can be
seen in Fig. 4-2 through variation of HE. The training fits the empirical proportionality,
Eq. 2.5 (shown in Chapter 2), found in other exchange bias systems between exchange
bias HE and cycling number n. The error bars are within 1% and not shown in Fig. 4-2.
The data point at n = 1, however, does not fit Eq. 2.5. It is interesting to note that the
coercivity Hc (shown in open circles) has a similar dependence on the cycling number n.
In the inset, the closed circles and closed squares show the dependence of Hc1 and Hc2 on
√n. From the second loop onward, Hc2 becomes almost constant whereas Hc1 still
decreases. This indicates the different domain states of the AFM at descending and
ascending curves. As stated before, the Fe/KFeF3 system can be initialized by warming
up above the Néel temperature TN and then by cooling under a field (say 10 kOe) to a
desired temperature which is below TN. It is reasonable to assume that before the
hysteresis measurement has been taken, the AFM is in a single domain state due to the
initial field cooling through TN. The AFM is then in a multi-domain state which is more
stable after the first hysteresis loop. Consequently, in the second loop, Hc1 becomes
significantly smaller compared with that in the first loop. From the second hysteresis loop
onward, both the changes of Hc1 and Hc2 become small, as the AFM is not in a single-
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domain state anymore.
We suppose that the reversible components (domains) in the AFM somehow (say,
through thermal activation process) depend on an effective field Heff applied, which is
described earlier by Eq. 2.3 in Chapter 2, H eff = H A ± H u . Here, HA is the applied
external field and Hu is the induced unidirectional field which is in the same pinned
direction. After the first hysteresis loop, the sample returns back to the positive saturation
where Heff = HA + Hu applies to the AFM, therefore more reversible domains have been
initialized in the applied field direction, however the AFM is not in a single-domain state
anymore. Consequently, in the second loop, Hc1 becomes significantly smaller compared
with that in the first loop since only the reversible component in the AFM at positive
saturation is accounted for. At the negative saturation where Heff = HA - Hu applies to the
AFM, there are less or little reversible domains, therefore little change for Hc2 from the
second loop forward. Each cycle may introduce more domains in the AFM and reversible
components become less and less, hence Hc1 becomes smaller and smaller after each
cycle.
An argument is raised whether the domain state of the AFM KFeF3 can be affected by
an external field. The magnetization of an AFM is not zero once an external field is
applied due to the spin canting effect in the AFM resulting in a non-zero susceptibility.32,
136 Furthermore, in this KFeF AFM, there is a possible weak ferromagnetic transition at
3

low temperature mentioned in previous chapter (Chapter 3). Therefore, the domain
structure in the KFeF3 could be strongly affected by an external field due to the
ferromagnetic component appeared in the KFeF3 at low temperature.
We note that the slope of the hysteresis loops obtained at 10 K is twice of that at 5 K.
That means the hysteresis loops are squarer at 10 K and less square at 5 K. As the FM
reversal is controlled by the AFM due to the exchange coupling between the FM and
AFM, this suggests that the energy barriers in KFeF3 become smaller at 5 K than at 10 K
and the energy barrier distribution becomes broad at 5 K and remains narrow at 10 K. As
shown later in Section 4.3.4, the AFM spin configuration is not statically “frozen”,
evidenced by the waiting time experiments where a different remagnetisation loop is
obtained after the sample spends a different time at a negative saturation field. Instead, the
AFM spins or domains have a finite probability of undergoing an irreversible transition
above 0 K, due to random thermal fluctuations.135 Consequently, the unidirectional
anisotropy Hu induced by exchange coupling may change due to the thermal activation
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process which is more profound at 5 K as the smaller energy barriers than at 10 K. Hence,
the training is more observable at 5 K than 10 K. The energy barrier distribution or height
change over temperature may be related to the weak ferromagnetic transition in the AFM
KFeF3, which will be discussed later in this chapter.
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Figure 4-2. Sample 116 training effect at 5 K. Both HE (shown in closed triangles) and Hc (shown in open
circles) are linearly proportional to the 1/√n except for the data when n = 1. The inset shows the Hc1
(closed triangles) and Hc2 (closed squares) depends on 1/√n. The Hc1 changes more than 11% over 5
consecutive loops whereas the Hc2 changes less than 4% and approaches stability after 2 cycles. The errors
are within 1% and not shown here.

Conclusively, the different training results for this single crystalline sample at 10 K and
5 K suggest that a domain wall is not easy to form in single crystalline AFM, thus there
is no training effect at this temperature. The little training effect implies that the
ferromagnet reverses homogeneously and irreversibly during the reversal of the
magnetization. It also suggests the thermal fluctuation is responsible for the different
training effects at 10 K and 5 K.

4.3.2 Training effect in polycrystalline KFeF3
A significant training effect (>60% in 2nd loop) was found in a sample with
polycrystalline KFeF3. Fig. 4-3 shows three consecutive hysteresis loops of the sample
113 measured at 5 K. The training effect is largest in the second loop. The hysteresis loop
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shrinks at both sides, and the change of Hc1 is much larger at the desceding part in the
second loop compared with Hc2 at the ascending part. The greatly tilted hysteresis loops
in demagnetizing branch and remagnetising branch indicate a broad energy barrier
distribution in the polycrystalline KFeF3.
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Figure 4-3. Sample 113 training effect at 5 K along EX. A significant training effect is found in this
sample. The sample was field cooled at 10 kOe from 300 K to 5 K and five consecutive hysteresis loops
(of which three are shown here) were taken between ±10 kOe.

Similar to the single crystalline sample 116, the training of the polycrystalline sample
113 measured at 5 K fits the empirical proportionality, Eq. 2.5, between exchange bias HE
and cycling number n as shown in Fig. 4-4. Again, the data point of n = 1 does not fit
Eq. 2.5. Note that the coercivity Hc (shown in open circles) has a similar dependence on
the cycling number n.
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Figure 4-4. Sample 113 training effect at 5 K. Both HE (closed triangles) and Hc (open circles) are linearly
proportional to the 1/√n except for the data when n = 1. The inset shows the Hc1 (closed triangles) and Hc2
(closed squares) dependences on 1/√n. The Hc1 changes about 60% over 5 consecutive loops whereas the
Hc2 changes about 30% and approaches stability after 2 cycles.

Similar to the discussion of the training effect in the situation in the single crystalline
sample 116, the AFM of the polycrystalline sample 113 is initially in a single domain state
by field cooling through TN before a hysteresis loop is taken. The large training of the
sample 113 indicates domains are easily formed during a hysteresis loop or/and thermal
fluctuation is more significant in the polycrystalline KFeF3 to have destroyed the interface
spin configuration, therefore the Hu is responsible for HE. The structural defects in the
polycrystalline KFeF3 may be the reason for domain nucleating easily. Strong evidence
of the weak ferromagnetic transition in the polycrystalline KFeF3 has shown earlier in
Chapter 3 and later in this chapter. So the thermal fluctuation may be intensive due to
much stronger external field influence caused by the appearance of the weak
ferromagnetic transition in the polycrystalline KFeF3, resulting in the change of Hu acting
on the FM and hence the decrease of HE during training. Note the shapes of the loop at
both sides are also different. The difference can be explored by the different domain
states.
Training (~1%) still exists at 40 K for this polycrystalline sample 113 shown in Fig. 4-
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5. Note large error bars are found in this sample at 40 K as the seed layer left hand side
coercivity is comparable with that of the biased Fe layer. However, both the training
effects of HE and Hc do not fit Eq. 2.5 very well. The reason may be again caused by weak
ferromagnetic transition in the KFeF3 which produces an additional changing effect of HE
around 40 K. Compared with the lack of training at 10 K in the single crystalline sample
116, the existence of training at 40 K in the polycrystalline sample 113 suggests the
structural defects in the polycrystalline KFeF3 favour of domain formation and/or thermal
fluctuation.
In summary, defects in the AFM are critical for the training effect in the samples
mentioned here. Presumably, the training effect is caused by a multi-domain formation or/
and thermal activation process in AFM; thus, there is no multi-domain formation and little
thermal activation process happening in the single crystalline samples. The energy
barriers become large and the barrier distribution becomes narrow at high temperature for
both the single crystalline sample and the polycrystalline sample.
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113 training effect at 40 K. Both HE (shown in closed triangles) and Hc (shown in

open circles) are linearly proportional to the 1/√n. The inset shows the Hc1 (closed circles) and Hc2 (closed
squares) depend on 1/√n. The Hc1 changes more than 7% over 5 consecutive loops whereas the Hc2
changes less than 3% and approaches stability after 5 cycles.
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4.3.3 Thermal pulse experiment
This section shows the experimental results of thermal pulse to verify the thermal
activation process of the AFM KFeF3.
The existence of reversible domains controlled by thermal activation in the
antiferromagnet, independent of the magnetization state of the ferromagnet, can be
verified by the “thermal pulse” experiments first developed by Wee et al.137 on similar
samples. The increased temperature will cause some domains in the antiferromagnet to
reorient into a lower energy state with respect to the ferromagnet. In principle, it should
even be possible to reverse the sign of the bias in this manner, by either raising the
temperature above TN or simply waiting long enough at a temperature below TN until
thermal fluctuations reorient the majority of domains in the antiferromagnet into the new
direction. Note that both Hc1 and Hc2 should change together, because the field-cooling
direction is essentially being re-set by such an experiment.
The thermal pulse experiments were conducted by first cooling the sample in a positive
applied field +10 kOe, applying a field of -10 kOe in the negative direction large enough
to saturate the ferromagnet, and then raising the temperature to a target temperature and
then immediately cooling to the original temperature of 5 K when a new hysteresis loop
was acquired starting at +10 kOe. The target temperature is defined as a thermal pulse of
“height” Tmax. The effect of various pulse Tmax was investigated in this manner by
repeating this process up to different values of Tmax. The warming and cooling process
associated with each thermal pulse takes about 30 minutes
Fig. 4-6 shows the thermal pulse hysteresis measurements for: (a) the single crystalline
sample 116 measured at 5 K, (b) and (c) the polycrystalline sample 113 measured at 5 K
and 40 K, respectively, at different Tmax.
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Figure 4-6. Hysteresis loops after thermal pulses of magnitude of Tmax: (a) The sample 116 measured at 5
K. Hc1 and Hc2 change at the same time and HE changes sign already at Tmax ≈ 50 K which is well below
TN = 112 K. The loop width (Hc) decreases slightly. (b) The sample 113 measured at 5K. HE changes sign
at Tmax ≈ 30 K. The loop width (Hc) decreases slightly except the initial loop is much wider (with larger
Hc). A thermal pulse Tmax = 120 K (> TN) is not sufficient to fully recover the magnitude of HE setup in the
initial loop. (c) The sample 113 measured at 40 K. HE changes sign at Tmax ≈ 80 K. The loop width (Hc)
decreases slightly.
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Exchange bias HE changes direction as the thermal pulse magnitude Tmax increases. It
is interesting to note that HE changes sign far below the Néel temperature TN = 112 K of
the AFM KFeF3. In Fig. 4-7, we define the positive sign of HE as the hysteresis loop shift
in the “normal” direction which is opposite the pinned direction. The negative sign of HE
means that the shift is in the pinned direction. For the polycrystalline sample 113, the HE
changes sign with the pulse Tmax ≈ 30 K pulse for the 5 K loop measurement and with the
~80 K pulse for the 40 K measurement respectively. For the single crystalline sample 116,
the HE changes sign with the Tmax ≈ 50 K for the 5 K loop measurement.
Comparing the 5 K initial value of HE = 275 Oe for the sample 113 and the value of
HE = -158 Oe after the thermal pulse value of Tmax = 120 K, the latter is about 40%
smaller than the former. The Tmax temperature of 120 K (> TN) is not high enough to fully
reverse the HE for the polycrystalline sample measured at 5 K. This suggests that some of
the AFM spins are still “frozen” above TN, i.e. some domains in the AFM are still
irreversible.
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Figure 4-7. HE depends on the thermal pulse magnitude of Tmax for the polycrystalline sample 113 at 5 K
(open squares) and 40 K (open triangles), and the single crystalline sample 116 at 5 K (closed circles).
Note the HE changes sign at different Tmax for different structures of KFeF3 and different temperatures of
measurements taken. The positive sign of HE is defined as the hysteresis loop shift in the “normal”
direction which is the opposite the pinned direction.

Fig. 4-8 shows the coercivity Hc dependence on thermal pulse Tmax. Both Hc1 and Hc2
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of the samples 113 and 116 shift at the same time during the thermal pulse experiments,
therefore, the coercivity Hc remains relatively constant for all samples at the experimental
temperature range but it has a trend of decreasing with the increase of Tmax. As the Hc
depends mainly on the domain formation and movement in the AFM, and the thermal
pulse reverses part of the reversible domains in the AFM by thermal activation process;
the energy required for the domain formation and movement responsible for the Hc in a
new loop remains relatively unchanged. This results in the relatively constant Hc.
However, the thermal pulse may partially destroy the exchange coupling set up during the
initial field cooling between the FM and the AFM to make the exchange coupling more
localized similar to the situation of the sample undergoing ZFC. The higher the Tmax, the
more destruction to the exchange coupling as the thermal activation process becomes
easier at high temperatures. Therefore, the Hc tends to decrease with the increase of the
Tmax. Note the coercivity Hc decreases by more than 28% already at Tmax = 20 K for the
polycrystalline sample 113 shown by open squares in Fig. 4-8. The thermal pulse process
possibly introduces domains or partial domains in the AFM since some of the spins flip
to the opposite of the pinned direction setup by the initial field cooling. The portion of spin
flip in the AFM due to thermal activation depends on temperature and crystalline
structure. The pinning of the FM layer decreases with the introduction of domains in the
AFM, thus decreasing Hc. In this sense, the thermal pulse process is similar to the training
process discussed before.
The sudden decrease of Hc (open squares in Fig. 4-8) for the polycrystalline sample
113 at measured 5 K from the initial value to the value of Tmax = 20 K is not clear yet. It
might be related to the weak ferromagnetic transition in the AFM at this temperature
range, which results in an unstable single domain state in the AFM during the initial field
cooling. A large amount of domains might be already introduced after the first thermal
pulse Tmax = 20 K via a possible strong exchange coupling due to the appearance of the
weak ferromagnetic component in the AFM. Hence, large portion of the interface
coupling may be destroyed due to the first thermal pulse Tmax = 20 K resulting small and
relative constant Hc afterward.
The large changes of both HE and Hc in the polycrystalline sample during the thermal
pulse process suggest the activation energy barriers are smaller due to the presence of the
defects.
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Figure 4-8. Coercivity Hc dependence on the thermal pulse magnitude of Tmax for the polycrystalline
sample 113 at 5 K (open squares) and 40 K (open triangles), and the single crystalline sample 116 at 5 K
(open circles). In general, Hc remains relatively constant but has a trend of decreasing with the increase of
Tmax. Note the Hc decreases more than 28% for the polycrystalline sample at Tmax = 20 K.

4.3.4 Waiting time dependence of Hc2
The thermal activation process in the AFM KFeF3 can also be observed by the waiting
time experiments - Hc2 depends on the waiting time at a negative saturation field. In the
waiting time experiments, the FM spins tend to align energetically favourably in the
applied negative field direction which is opposite the pinning direction set up during the
initial field cooling process, the AFM spins at the interface are also energetically favourite
in the same direction as the FM. If the weak ferromagnetic transition somewhat happens,
more AFM spins will align energetically favourably in the applied field direction by
thermal activation process. Once the AFM spins flip in the applied field direction due to
the thermal activation process, these AFM spins are likely “locked” in this field direction.
As a result, the unidirectional anisotropy set up initially weakens and the Hc2 is expected
to move to the initial pinning direction - increases. The more the waiting time the more
the flipped AFM spins “locked” in the applied negative field direction and the larger the
Hc2.
The waiting time dependence of Hc2 was conducted by SQUID for the single
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crystalline sample 116 and the polycrystalline sample 113 through cooling the sample
under a field of 10 kOe from 300 K to a target temperature below TN. Once reached to the
target temperature, the field was changed to -10 kOe and waited for certain period of time
before a half hysteresis loop was taken to obtain the right hand coercivity Hc2. Different
Hc2 obtained at different waiting time are plotted against the logarithm of the waiting time
in Fig. 4-9. One can find that the Hc2 linearly depends on the logarithm of the waiting time
for different samples at different temperatures. Over three orders of waiting time, the Hc2
change for the single crystalline sample 116 at 10 K is less than 2% shown in Fig. 4-9a.
For the polycrystalline sample 113 at 10 K, however, the change is more than 20% shown
by open triangles in Fig. 4-9b.
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Figure 4-9. Waiting time dependence of Hc2. (a) The single crystalline sample 116 is measured at -10 kOe
at 5 K. (b) The polycrystalline sample 113 is measured at -10 kOe at different temperatures.

The waiting time dependence shows two different stages at different temperatures for
the polycrystalline sample 113. The thermal activation process is more significant (larger
slope) at low temperatures (5 K and 10 K) than those at high temperatures (30 K and 40
K) shown in Fig. 4-9b. It suggests that the energy barriers in the AFM might become
smaller at low temperature than those at high temperature. Furthermore, the curves of Hc2
dependence on waiting time are parallel for 5 K and 10 K. So are the curves of 30 K and
40 K. Meanwhile, the sudden change of slope (Hc2 change over time) at about 20 K
indicates that there is a transition which might be the weak ferromagnetic transition
mentioned earlier around 20 K.
As thermal activation processes depend not only on temperature and external field but
also on intrinsic properties of materials. For the Fe/KFeF3 system, the intrinsic properties
of KFeF3 change at temperature lower than 20K due to the ferromagnetic transition which
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enhances the interaction between external field and the KFeF3 spins. Hence the energy
barriers are lowered as the KFeF3 “feels” more effective external field. Therefore, with
the aid of the ferromagnetic component appeared in the AFM at the temperatures lower
than 20 K, the exchange coupling between the FM and the AFM may become stronger
than before and the AFM spins may be easier to overcome the energy barriers, hence the
thermal activation process speeds up resulting large slope at the temperature lower than
20 K.
The energy barrier change over temperature and the weak ferromagnetic transition in
the AFM KFeF3 may be independent or related. It is possible that the energy barriers
become smaller as a result of the weak ferromagnetic transition which makes the AFM be
easily influenced on external field. So, other experimental results such as the temperature
dependence of HE and Hc mentioned earlier, and the magnetic viscosity properties
discussed in the next section may be also related the energy barrier changes over
temperature.

4.3.5 Time dependence
Time dependent measurements were conducted in a SQUID magnetometer as
discussed earlier. Sample was field cooled under a field of 10 kOe from 300 K to a desired
temperature, the superconductor magnet was then quenched to remove the remanent field
before charged to a desired field. The magnetization change of the sample over time was
collected under a constant applied magnetic field which was chosen close to the coercivity
of the sample.
Time dependence is another important phenomenon in magnetic materials with
hysteresis as mentioned earlier in this chapter and Appendix 3. As described earlier that
the value of S(H) is directly related to the value of the energy barrier distribution f[ΔE(H)]
which is activated by the field (H) in Eq. 4.1:134 However, in the exchange bias system,
the actual field H applied to the FM should be an effective field H eff = H A ± H u
described earlier.
Due to the thermal activation process in the AFM, Hu will change with time t,
therefore, the Heff changes with t. Meanwhile, the changing MFM and Hu over time may
affect the AFM spin configuration through the AFM thermal activation resulting further
changing of Hu, hence Heff. As discussed earlier, the external field could affect the spin
configuration of the AFM and the effect of the external field may be more effective at low
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temperature in this system as there may be a weak ferromagnetic transition in the AFM
KFeF3. Consequently, the energy barrier distribution accounting for the magnetic
viscosity in the FM may be changed due to the exchange coupling and the AFM thermal
activation as well. The interchange between the FM and AFM may make the analysis of
the magnetic viscosity in the exchange biased system more complicated.
Qualitatively, the changing of the FM magnetization MFM over time t depends on t, H,
Hu and the MAF (the changing of AFM spin configuration, not necessary the moment of
the AFM). MFM is expressed by the following
M FM ( t ) = M FM ( t, H, Hu ) + M AF [ H u ( t, M FM, M AF ) ]

(4.2)

So the energy barrier distribution f[ΔE(Heff)] may be complex as Hu depends on t, MFM
and MAF; and the MFM and MAF are affected by each other at the same time. Therefore,
magnetic viscosity in a exchange bias system could be complicated.
In general, the energy barrier distribution is found narrow in all the Fe/KFeF3 samples
investigated here due to the fact that the FM Fe film is high quality single crystal.
However, the single crystalline (KFeF3) samples have narrower energy barrier
distribution than the polycrystalline (KFeF3) samples. This indicates that the energy
barriers are affected by the AFM. In addition, the magnetic viscosity (energy barriers) are
strongly temperature dependent as well. For example, the magnetic viscosity
measurements of the sample 113 at 40 K and 5 K shown in Appendex 1 suggest that the
energy barriers become narrow at high temperature and broad at low temperature, which
are consistent with the shapes of the hysteresis loops obtained at different temperatures.
Other magnetization vs. time plots of different samples can also be found in Appendex 1.
Attempts have been made to fit the magnetization vs. time measurements for different
samples at different temperatures. In general, M(t) of different samples at low
temperature, for example 5 K, can be fitted by Eq. 1.8 (Chapter 1). For the single
crystalline and polycrystalline samples measured at high temperatures, the energy barriers
become narrow and the magnetization vs. time seems to be described better by Eq. 4.3
rather than Eq. 1.8. The reason may be caused again by the weak ferromagnetic transition
in the KFeF3 at low temperature when a broad distribution of energy barriers is expected
to result in a relatively linear dependence of magnetization on logarithm of time. As an
example, Fig. 4-10 compared the fitting results for the sample 113 measured at 40 K using
Eq. 1.8 and Eq. 4.3 in (a) and (b) respectively.
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M( t ) = M 0 + S 1 ln ( t + t 1 ) + S 2 ln ( t + t 2 )

(4.3)

There are possibly two reasons accounting for the deviation of the fitting and the
measurement at long time in Fig. 4-10a: one is the nature of the narrow distribution of
energy barriers and the other is due to the exchange coupling effect between the FM and
the AFM.
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Figure 4-10. Sample 113 time dependent measurement at -125 Oe at 40 K. (a) Fitting result using Eq. 1.8,
a large deviation is seen after long time, and (b)Fitting result using Eq. 4.3, better fitting.
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In comparison, as reported in Chapter 2, the magnetic viscosity measurements of the
single layer disordered system Co/CoO can be described well by Eq. 1.8 as the energy
barriers distribution is broad due to the fact of broad distribution of grain sizes, although
the disordered Co/CoO is also an exchange biased system. And the magnetic viscosity
S(H) can be obtained easily using the conventional way48 since S(H) is constant at
constant temperature. However, in the Fe/KFeF3 model system, the magnetic viscosity
measurements are not single logarithm dependent and also difficult to analyse due to the
natural narrow energy barriers distribution of the FM which is, at the same time, affected
by the AFM thermal activation process. The description of the magnetic viscosity
measurements (magnetization vs. time) by Eq. 4.3 may or may not be meaningful. Further
work needs to be done to verify this.

4.4 Conclusion
• All samples show training effect which depends on temperature and crystalline structure of AFM KFeF3. Single crystalline samples show small and very little training
effect at low temperature (5 K) and high temperature (above 10 K) respectively. Polycrystalline samples show large training effect at low temperature (5 K) and small
training effect at high temperature (above 40 K) respectively. It suggests the energy
barriers become broader and smaller at low temperature.
• In general, Eq. 2.5 holds except for the ﬁrst loop value for the training of the single
crystalline sample and polycrystalline sample. However, the 40 K training of the polycrystalline sample 113 seems not to ﬁt Eq. 2.5. The reason may be related with the
weak ferromagnetic transition in the AFM.
• Thermal pulse experiments reveal the thermal activation process in the AFM. HE
changes sign at the temperature far below TN. It is interesting to note that the HE is not
fully reversed even when the temperature Tmax reaches 120 K in the thermal pulse
experiments conducted at 5 K for the polycrystalline sample. This suggests that some
of the AFM spins are still “frozen” above TN, i.e. some domains in the AFM are still
irreversible.
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• The sudden decrease of Hc for the polycrystalline sample 113 at 5 K from the initial
value to the value of Tmax = 20 K may ne also related with the weak ferromagnetic
transition in the AFM. It might be related to the weak ferromagnetic transition in the
AFM at this temperature range, which results in an unstable single domain state in the
AFM during the initial field cooling.
• The large changes of both HE and Hc in the polycrystalline sample during the thermal
pulse process suggest the energy barriers are smaller due to the presence of defects.
• The thermal activation process in the AFM KFeF3 can also be observed by the waiting time experiments. The waiting time dependence shows two different stages at different temperatures for the polycrystalline sample 113. The thermal activation process
is more significant (larger slope) at low temperatures than those at high temperatures.
It suggests that the energy barriers in the AFM might become smaller at low temperature than those at high temperature, which is consistent with the thermal pulse experiment.
• With the aid of the ferromagnetic component appearing in the AFM at the temperatures lower than 20 K, the exchange coupling between the FM and the AFM may
become stronger than before and the AFM spins may be easier to overcome the
energy barriers. Hence, the thermal activation process speeds up resulting large slope
at the temperature lower than 20 K. This means the AFM thermal activation process
could be affected by applied external ﬁeld.
• The energy barrier distribution accounting for the magnetic viscosity in the FM may
be changed due to the exchange coupling and the AFM thermal activation as well. The
interchange between the FM and AFM may make the analysis of the magnetic viscosity in the exchange biased system more complicated.
• Generally, M vs. t measurements at low temperature can be ﬁtted by Eq. 1.8. However, M vs. t measurements at high temperature do not ﬁt Eq. 1.8 because of the nature
of a narrow distribution of activation energy barriers. Instead, M vs. t measurements at
high temperature can be ﬁtted by Eq. 4.3.
• There are possibly two reasons accounting for the deviation of the fitting and the
measurement at long time: one is the nature of the narrow distribution of energy barriers and the other is due to the exchange coupling effect between the FM and the AFM.
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• Future work is required to test whether the ﬁeld magnitudes can affect the waiting
time result, i.e. whether the ﬁeld value can affect the thermal activation process in the
AFM. It is important to understand the thermal activation and other behaviors found
in this system.
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Chapter 5 Ferromagnetic Resonance
In previous chapters (Chapter 3 and Chapter 4), the HE and Hc and thermal fluctuation
properties of the model system Fe/KFeF3 have been discussed. This chapter will present
the results of the model system Fe/KFeF3 characterized by FMR in order to obtain
different anisotropies associated with exchange coupling.

5.1 Introduction
As stated in Chapter 1, FMR has proved to be a powerful technique to understand the
interface quality, exchange coupling and magnetic anisotropies in exchange bias systems.
FMR may also be fundamentally different from magnetization measurements because of
the high frequency field change and the sample responding due to domain formation and
movement in the AFM of the exchange bias system. Interfaces, lattice relaxations, and
lattice reconstructions are responsible in a wide range of magnetic properties for thin
films.138 Anisotropy and symmetry for epitaxial Fe films on GaAs (001) are found to
depend on substrate reconstruction, seed layer and template.139
In this chapter, the FMR results of the samples of Fe/KFeF3 are presented. Different
anisotropies are obtained by fitting the FMR data. Two resonant peaks in the FMR
spectrum are distinguished as one from the seed layer Fe and the other one from the main
layer Fe. A rotational anisotropy (Hrot) was found and discussed. Section 5.2 describes the
experiment details then followed by Section 5.3 presenting and interpreting of the FMR
results which are also compared with the results and conclusion obtained in previous
Chapter 3 and Chapter 4. Section 5.4 gives out the conclusion and extended discussion.

5.2 Experiment
This section describes the FMR apparatus and the experiments conducted by FMR.
FMR measurements were conducted on a spectrometer in the University of Colorado,
Colorado Springs (UCCS), USA. A schematic graph of the FMR apparatus is shown in
Fig. 5-1. The experimental details of signal acquisition is similar to those reported by
Celinski et al.140
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Figure 5-1. Schematic diagram of the 24 GHz FMR spectrometer setup. The experimental details of signal
acquisition is similar to those reported by Celinski et al.140

The sample was glued at the bottom of a cylindrical cavity tuned to the TE011 mode at
24 GHz. In this mode, the RF magnetic field of the driving microwaves was radially
symmetric about the long axis of the cylinder, which was also perpendicular to the sample
film plane. The applied magnetic field provided by an electromagnet was thus in the plane
of the sample and perpendicular to the cylinder’s axis.
The angular geometry in FMR measurements is sketched in Fig. 5-2. In-plane angles
for the magnetization and applied field (θF and θH respectively) are defined relative to the
Fe[110] direction. Angular measurements were made by rotating the electromagnet to
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vary the angle θH.

Figure 5-2. The angular geometry in FMR experiments. The applied field Ha is oriented in-plane at an
angle θH relative to the Fe[110] direction. The magnetization of the ferromagnet Ms will in general align
along a different direction specified by the angle θF.

24 GHz microwaves were generated using a tunable Gunn diode and directed into the
resonance cavity using a rectangular waveguide. An applied field was swept between 1.0
- 9.0 kOe to generate the response curve, and the reflected microwave power out of the
resonant cavity was recorded as the system went through resonance. For all samples
studied here, the applied fields near resonance were large enough to saturate the sample
magnetization. The angle between the applied field and the ferromagnet equilibrium was
within 2º for all angles of applied field orientation.
Signal acquisition was carried out using a lock-in amplifier and a weak 155 Hz AC
modulation field superimposed on the DC applied field. This method yields the first
derivative of microwave power absorption with respect to field.140 All our spectra were
fitted well by the first derivative of the standard Laurentian function, which indicates that
the sample magnetization is essentially aligned with the applied field at all angles.
Temperature dependence measurements were carried out in an evacuated dewar,
cooled using a closed-cycle helium refrigerator. The temperature of the sample cavity was
monitored with two type-E thermocouples. Heating coils wound close to the sample stage
were also used to control the sample temperature.
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5.3 Results and analysis
This section looks at the analysis of the FMR results. Particular attention is paid to
identify the unexpected two peaks in the FMR spectrum.

5.3.1 FMR spectrum
Two clear resonance peaks are found in a typical FMR spectrum shown in Fig. 5-3 for
sample with a seed layer. The resonance field Hres is defined as the intercept with the field
axis in this figure. The FMR linewidth ΔH is defined as the absolute magnitude between
the maxima and minima adjacent to Hres. Both of the peaks have narrow linewidth ΔH at
room temperature. It is worth noting that the intensity ratio of these two peaks varies from
sample to sample and for different angles of measurements.
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Figure 5-3. Typical FMR spectrum obtained at the angle of 10˚ from the Fe easy axis [100] for the single
crystalline sample 116, tseed = 0.65 nm, tFM = 2.1 nm and tAF = 50 nm. The resonant field Hres and
linewidth ΔH are defined.Note the twofold peak intensity is higher than that of the fourfold peak at this
angle.

5.3.2 Two peaks with different symmetry (angular dependence)
Examples of the angular dependence of Hres are shown in Fig. 5-4 and Fig. 5-5 for the
single crystalline sample 116. The sample consists of a 0.75 nm thick single crystalline
seed Fe layer, a 2.1 nm thick single crystalline Fe film coupled to a 50 nm thick single
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crystalline KFeF3 film. The sample was first measured at room temperature (spectrum
shown in Fig. 5-3), then field-cooled to 25 K in a 7 kOe applied field along the Fe[100]
easy axis (EX). The 25 K spectrum is shown in Fig. 5-5. The amplitude of the shifts (half
from maxima to minima) provides a measure of the anisotropy at room temperature. The
low temperature anisotropies can be obtained by fitting the FMR data with the model
described in Section 5.3.3. One can see clearly differences between the peaks
corresponding to the seed and the main Fe films. One peak has twofold symmetry with
large anisotropy of more than 1 kOe and the other one has normal fourfold symmetry with
a small anisotropy of 0.4 kOe. The angular dependence of the fourfold resonant fields is
symmetric about its easy axis and hard axis. The angular asymmetry of the twofold
resonant fields becomes more significant in the low temperature measurement shown in
Fig. 5-5. The reason will be explained later in this chapter.
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Figure 5-4. Angular dependence of the single crystalline sample 116 at room temperature. Two sets of data
are corresponding to the two peaks appeared in the FMR spectrum. Note the easy axis (EX) and hard axis
(HX) of the twofold layer are not symmetric, sharp at HX and flat at EX.

In Fig. 5-5, the anisotropy of the twofold film has increased to more than 2 kOe at 25
K, whereas the fourfold anisotropy is only ~ 0.6 kOe.
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Figure 5-5. Angular dependence of sample 116 at 25 K. The sample was cooled along the main Fe [001]
under a field of 7 kOe from room temperature to 25 K. Note the EX and HX of the twofold layer are not
symmetric, sharp at HX and flat at EX.

5.3.3 Effective fields
FMR measurement results were analysed using the model described by Wee et al..141
In brief, this model is defined as follows.
The model takes into account a total magnetic free energy E including Zeeman, cubic
and uniaxial anisotropies, as well as demagnetizing field. A functional form for the
energy, E, for all the anisotropies responsible for torques on the ferromagnet
magnetization is assumed:
K ||
E = – H res M s sin φ F cos ( θ H – θ F ) + ------ ( sin2 2 φ F + sin4 φ F cos2 2 θ F )
4

(5.1)

2

+ K u sin2 φ F sin2 ( θ F – θ u ) + ( K ⊥ – 2πM s ) sin2 φ F
where K|| is the cubic magnetocrystalline anisotropy constant and Ku is the inplane
uniaxial anisotropy. 2Ms2 is the out-of-plane demagnetization factor and K⊥ is a uniaxial
anisotropy normal to the film plane. θF and θH are defined in Fig. 5-2. θu is the angle of
uniaxial anisotropy axis with respect to the Fe [110]. φF describes the orientation of the
magnetization relative to the film normal. In Eq. 5.1, the first term is Zeeman energy, the
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second and third terms are cubic and uniaxial anisotropies respectively. The last term is
the demagnetizing field. The ferromagnetic resonance frequency can then be determined
from the second derivatives of the free energy E:142

ω⎞
⎛ --⎝γ⎠

2

2

⎛ ∂2E ∂2E ⎛ ∂2E ⎞ ⎞
1
= ----------------------⎜ --------2- --------2- – ⎜ ------------------⎟ ⎟
2
M s sin2 φ F ⎝ ∂ θ F ∂ φ F ⎝ ∂ θ F ∂ φ F⎠ ⎠

(5.2)

where, ω is the microwave driving frequency and γ is the gyromagnetic ratio. For the Fe
films considered here, γ = 2.92 GHz/kOe is assumed as appropriated to bulk Fe.141 For an
in-plane applied field, the equilibrium polar angle is θF = /2 due to a large effective outof-plane demagnetizing field. Any out-of-plane anisotropies K⊥ are small.
As the resonance fields Hres are large compared to the effective fourfold anisotropy
field H|| = 2K||/Ms and the uniaxial anisotropy field Hu = 2Ku/Ms, an simplified expression
for ω can be obtained143 by taking θF ≈ θH:

ω⎞
⎛ --⎝γ⎠

2

H ||
Hu
= H res + 4πM eff + ------ ( 3 – cos 4 θ H ) + ------- ( 1 + cos 2 ( θ H – θ u ) )
4
2

(5.3)

× [ H res – H || cos 4 θ H + H u cos 2 ( θ H – θ u ) ]
where 4Meff = 4Ms - (2K⊥/Ms) is defined as the effective demagnetizing field in the
direction of film normal. Fit of data by Eq. 5.3 is only suitable for the angular
measurements at 300 K.
Analysis of 25 K data for the bilayers requires an additional energy EAF be involved
into the total energy for the exchange coupling to the antiferromagnet. Following
McMichael et al.52, EAF is assumed:
E AF = – M s H E sin φ F cos ( θ F – θ E ) – M s H E sin φ F cos ( θ F – θ rot )

(5.4)

The first term is a uniaxial anisotropy introduced by coupling between the Fe and
KFeF3. The easy direction of the uniaxial anisotropy is given by θE. The second term is a
rotatable anisotropy.144, 145 The orientation of the rotatable anisotropy easy direction is

θrot. Prosen et al.144 show that a sufficiently large field can reset θrot arbitrarily. For
typical large fields required for resonance, Hrot is assumed to be parallel with the
ferromagnet magnetization. The resonance field Hres obtained experimentally is
expressed as following by neglecting Hu temporally:

107

Synthesis and Characterization of Magnetic Thin Films - Exchange Bias Systems

2
3H ||
1
H res = --- ⎛ 4πM eff + ---------- ( 1 – cos 4 θ H )⎞ + ( 2 ω ⁄ γ ) 2 – 4πM eff
⎠
2 ⎝
4
H ||
– H rot + ------ ( 5 cos 4 θ H – 3 ) – H E cos ( θ H – θ E )
8

(5.5)

The first term is a constant shift in the resonance field baseline since 4Meff and ω/γ
are typically an order of magnitude larger than the Fe fourfold anisotropy. The second
term Hrot consists of a further induced shift due to exchange coupling. This induced shift
has been attributed to rotatable anisotropy Hrot which will be discussed in Section5.3.5
The third and fourth terms are the angular variation of Hres due to the Fe fourfold and
coupling induced uniaxial anisotropies, respectively. Eq. 5.5 is then used for fitting the
FMR angular data obtained at 25 K. From the fitting of the FMR angular data by Eq. 5.5,
one can immediately see the different anisotropy contributions. The large-amplitude
variation of resonance field with angle provides a measure of H||, and the asymmetry
between resonance fields at each 180˚ interval is 2HE. Similarly, the difference between
resonance fields 90˚ apart is described by Hu. As an example, the fit of Eq. 5.5 to an
experimental data set (sample 116) is shown in Fig. 5-6. The fitting parameters were:
4Meff = 13.2 kOe, H|| = 0.63 kOe, Hrot = 0.28 kOe and HE = 0.02 kOe, given the known
probe frequency (24 GHz).
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Figure 5-6. FMR fitting result for the sample 116 measured at 25 K. The sample was cooled along the Fe
[100] EX under a field of 7 kOe. The fitting parameters were: 4Meff = 13.2 kOe, H|| = 0.63 kOe, Hrot =
0.28 kOe and HE = 0.02 kOe, given the known probe frequency (24 GHz).
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5.3.4 Identification of fourfold and twofold peaks
Initially we thought the thin seed layer FMR peak should not appear as it could be
magnetically “dead” during the overnight heat-treatment of the Ag buffer layer before the
growth of the main Fe film. As seen in the FMR spectrum shown in Fig. 5-3, however,
there are two clear resonant peaks which should be from the seed layer and the main Fe
layer. One peak has twofold symmetry whereas the other one has a fourfold symmetry.
From the in-situ RHEED results shown in Fig. 3-5 and Fig. 3-6 in Chapter 3, both the
seed and main Fe layers have single crystalline structure. Both peaks have very narrow
peak-to-peak linewidths ΔH at room temperature: along the hard axis of the fourfold peak
the linewidth is 70 Oe (17% of the peak intensity) and along the hard axis of the twofold
peak the linewidth is 190 Oe (13% of the peak intensity). This indicates high quality
epitaxial films as the linewidth can be associated with magnetic inhomogeneities.146, 147
With the same quality of single crystalline Fe structure, the twofold peak has a
surprisingly large anisotropy (1 kOe at 300 K and more than 2 kOe at 25 K for the sample
116), whereas the fourfold peak has values of anisotropy expected for epitaxial Fe film116
(0.43 kOe at 300K and ~ 0.6 kOe at 25K). We notice that the ratio of the two peak
intensities is not constant and varies for different samples measured at different angles.
One possibility to identify the film responsible for each peak is through comparison of
the FMR resonant peak intensities. The main Fe layer is thicker than the Fe seed layer and
so the resonant peak intensity of the main Fe layer should be larger than that of the seed
layer. Another possibility is to measure the asymmetry of resonant fields as exchange bias
can normally be obtained by measuring the asymmetry between resonant fields at each
180° interval.137 However, there is a lack of correlation between the FMR peak intensity
and the thicknesses of the seed and main Fe layers, and the asymmetry is comparable to
the uncertainty and hardly observable for either the fourfold or twofold peaks of the FMR
data. More confusedly, the fourfold peak disappears at low temperature for some samples.
We believe the main Fe layer is responsible for the fourfold peak and the seed Fe layer
is responsible for the twofold peak for the following reasons. Firstly, only the fourfold
peak displays a rotatable anisotropy Hrot which is a signature of exchange coupling
between Fe and KFeF3. Secondly, the effective demagnetizing field 4Meff - one of the
material parameters - fitted result of the fourfold Fe depends linearly on the thickness of
the main Fe layer, whereas the fitted 4Meff of the twofold peak has little variation with
the thickness of the main Fe film. If the twofold peak is from the seed layer, the thickness
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dependence of its 4Meff is expected to be invariable because the seed layer thickness is
constant, independent of the main layer thickness. Thirdly and more convincingly, the
4Meff obtained by polar MOKE (only picks up the top layer Fe signal) is found to vary
linearly with the thickness of the main Fe layer, which is consistent with the thickness
dependence of the 4Meff fitted result of the fourfold Fe. All these results mentioned
above support the idea that the fourfold resonance is from the main Fe film and that the
twofold resonance is from the seed layer. The details of Hrot and 4Meff follow in
Section 5.3.5 and Section 5.3.6, respectively.

5.3.5 Rotatable anisotropy Hrot
For a biased films an isotropic shift of the resonance field is found superimposed on
orientation-dependent shifts from other anisotropies. This shift can be modelled as
coming from a rotatable anisotropy,144,

145

an anisotropy that has a minimum that

“follows” the steady state magnetization direction. It is called “rotating” anisotropy
probably because of two reasons. Firstly, the way of the additional anisotropy values
changing with temperature is curved like rotating (open circles) as shown in Fig. 5-7
compared with a linear temperature dependence of the resonant field of an non-coupled
FM (closed circles). Secondly, in FMR experiments, this rotatable anisotropy acts as an
effective field that follows the ferromagnet magnetisation as the latter is rotated.
In Fig. 5-7, the resonant field along the easy axis of the twofold Fe layer is seen to be
almost linearly dependent on temperature for the field-cooled sample. The same
behaviour was found in a single Fe film sample.137 However, the FMR resonance field
along the easy axis of the fourfold Fe shows a rapid drop below 110 K unlike either the
single Fe film or the twofold Fe in the Fe/KFeF3 samples. The rapid drop vanishes above
110 K which is close to the Néel temperature of the antiferromagnet KFeF3, suggesting
that the effect is due to the KFeF3. This rapid drop was attributed to the presence of the
“rotatable” anisotropy Hrot137,

144, 145

because it would appear as an effective field

following (“rotating to”) the saturation direction of the ferromagnet in the FMR
measurement. The rotatable anisotropy is strongly dependent on temperature. A value for
Hrot is obtained by extrapolating the resonance field to a temperature of 30 K and taking
the difference between the extrapolated and measured values. In this way, Hrot for the
above sample was found to be 280 ± 20 Oe. This is of the same magnitude as that found
for exchange biased Fe on KNiF3.137
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A possible contribution to the rotatable anisotropy for the Fe/KNiF3 system was
proposed to be an easy-plane anisotropy in the antiferromagnet or thermal activation
processes in the antiferromagnet.137 These may also apply to Hrot in the Fe/KFeF3 system.
The large anisotropy associated with the seed layer may result from substrate
reconstruction in two cross directions or slightly miscut of the substrate. Similar effects
were found for epitaxial Fe on GaAs (100).108, 148 The large anisotropy may also relate
to shape or strain in the film.149

4.4
Resonant Field (kOe)

4.2
4

4 - fold easy axis
2 - fold easy axis

3.8
3.6

Rotatable
3.4 anisotropy
3.2
3
0

50

100
150
200
Temperature (K)

250

300

Figure 5-7. Rotatable anisotropy (Hrot) obtained from fourfold Fe layer.Temperature dependence of the
resonant fields for twofold and fourfold peaks for the applied field along the Fe [100] easy axis. The
sample is the 116. It was cooled from room temperature to 25 K at a field of 7 kOe along the easy axis of
fourfold Fe. The rapid change of Hres is attributed to rotatable anisotropy which is temperature dependent.
Here the value of rotatable anisotropy is measured at 30 K.

Hrot obtained from the FMR temperature measurements for different samples and the
Hrot obtained from FMR data fit are listed in Table 5-1. Note the Hrot of EX and HX are
measured from the FMR temperature dependence by the way described above in Fig. 5-7
using the data at the lowest temperature which differs from sample to sample due to the
natural temperature rise during the FMR temperature measurement. The Hrot fitting
values are obtained by fitting the FMR angular measurements at 25 K in Eq. 5.5.
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Table 5-1. Rotational anisotropy obtained from FMR temperature dependence measurements and fitting.
In the column of Sample, the notation by order in bracket indicates the KFeF3 structure, the thickness of
seed Fe, Ag, main Fe and KFeF3, respectively.

Sample

Temp
(K)

Hrot
EX
(kOe)

Hrot
HX
(kOe)

Hrot
fitting
(kOe)

109

30

0.240

0.200

0.280

Note

112

no 4_fold peak below 140K

114

no 4_fold peak below 200K

115

29

116

30

117

34

0.275

0.880

0.310

0.530

0.280

0.640

0.700

118

No EX peak below 200K

No EX peak below 116K

0.300

119*

32

0.630

120*

32

134†

38

0.737

135†

34

0.573

0.930

0.040

0.540

0.040

No EX peak below 180K

0.175

0.980

HX value obtained at 62 K

0.800

*Samples were made in pair. †Samples were made without seed layer.

It is interesting to note that the fourfold main Fe layer peak disappears at low
temperature for some of the samples. Compared to the thin (0.45 - 0.75 nm) seed layer,
the main Fe layer is relative thick (1.05 - 2.10 nm). Hence, stronger FMR signal from the
main Fe layer was expected. In reality, stronger FMR signal from the seed Fe layer was
quite often seen and the main Fe layer FMR peaks may disappear at low temperature. The
abnormal strength of the FMR signal may be related to the pinning of the KFeF3 on Fe at
low temperature, hence, the spins of the main Fe layer do not follow the driven FM
frequency coherently, therefore, the FMR signal becomes too weak to be picked up by the
equipment. As in all the cases where the main Fe layer peak disappeared at low
temperature, the peak of the main Fe layer appears again normally when temperature is
above 100 K which is close to the Néel temperature TN = 112 K of the KFeF3. However,
the FMR peak of the uncoupled seed layer shows at all the time although the thickness is
thinner than the main Fe layer. The seed layer FMR signal is strong as all the FM spins
may rotate coherently, hence, the seed layer peak is always visible in the FMR
measurements. Further study is needed to investigate this interesting phenomenon of peak
disappearing at low temperature.
As an example, the temperature dependence of both HE (obtained from magnetometry
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measurements) and Hrot (from FMR temperature measurements) for the single crystalline
sample 116 is shown in Fig. 5-8. One can see that the Hrot (shown in open circles) has
similar trend of temperature dependence with that of HE (shown in closed squares). As
the HE depends on the strength of the exchange coupling between Fe and KFeF3, the Hrot
may somewhat depend on the exchange coupling strength as well. Therefore, the larger
value of Hrot at HX than EX for the sample 116 may explain the larger HE and Hc at HX
than EX obtained by SQUID magnetometry shown in Fig. 3-20a of Chapter 3.
The origin of the Hrot is associated with the interaction between the FM and AFM,
however, the microscopic mechanism is not very clear yet. Hrot was proposed to be caused
by reversible or irreversible changes of different parts of AFM grains in polycrystalline
samples.150 Wee et al.137 suggested that the Hrot arises from the intra-antiferromagnetic
film exchange coupling between different regions due to inhomogeneity. However the
samples studied here are single crystalline samples with limited defects. Instead, we
suggest that domains in the single crystalline AFM may form and follow the resonant field
to cause the Hrot. Another possible contribution to the Hrot could be an easy-plane
anisotropy.137 However, in our FMR data, Hrot differs in EX and HX (see Table 5-1).
Comparison of the bias fields measured using magnetometry are in approximate
agreement with those determined from FMR listed here. Comparing the temperature
dependence of exchange bias HE, the temperature dependence of Hrot drops relatively
faster as shown in Fig. 5-8. Note Hrot and HE vanish at the same blocking temperature,
suggesting the same (at least related) origin for both Hrot and HE.
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Figure 5-8. Temperature dependence of HE and Hrot for the sample 116 at EX.

5.3.6 Effective demagnetizing field 4Meff
As shown in Eq. 5.5 both Hrot and 4Meff play the same role in terms of shifting the
resonant field Hres. In order to separate the contribution of Hrot in FMR fitting, the
contribution of 4Meff needs to be determined first. The section discusses how 4Meff is
measured and what the influence is on 4Meff.
The effective demagnetizing field 4Meff is a material parameter affected by the
thickness and surface conditions of a film. As stated on page 105 that 4Meff is defined
as the demagnetizing field in the direction of the film normal, therefore, the saturation
field value measured by SQUID in the direction of the film normal is the value of 4Meff
if we temporally ignore the seed layer effect. So are true the 4Meff values obtained by
MOKE measurements. Two separate experiments were conducted in order to determine
4Meff by measuring the saturating field using a magnetic field applied normal to the film:
(1) polar magneto-optic Kerr effect (MOKE) measurements (using a diode laser with the
wavelength of 632.8 nm) at 300 K and (2) SQUID magnetometry at 25 K and 300 K.
Details about obtaining the 4Meff by MOKE and SQUID follow later in this section.
Another way to obtain 4Meff is to treat 4Meff as a fit parameter for the FMR resonance
fields. The penetration of the laser used in the polar MOKE measurements is about 20 nm
in Ag so only the top Fe layer contributes to the Kerr rotation signal since KFeF3 is
transparent to the laser.
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The 4Meff obtained by polar MOKE (shown by closed triangles in Fig. 5-9) at 300 K
is found to depend linearly with the thickness of the top Fe layer, which is consistent with
the 4Meff values obtained by fitting the FMR data of the fourfold Fe at 300 K (shown in
Fig. 5-10). This supports the idea that the fourfold resonance is from the main Fe film and
that the twofold resonance is from the seed layer. The fitted 4Meff of the twofold peak
shown by open circles in Fig. 5-9 has little variation with the thickness of Fe film. This is
expected because the seed layer thickness is constant, independent of the main layer
thickness.

12
MOKE (top Fe)

11

FMR fit (twofold Fe)
πM (kOe)
4π
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8
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0.8
0.9
1/Thickness of main Fe (1/nm)

1

Figure 5-9. Thickness dependence 4Meff determined from polar MOKE measurement (closed triangle)
and FMR fits (open circle) at 300 K for the main Fe film and the twofold film, respectively.The samples
have single crystalline KFeF3 with a thickness of 50 nm.
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Figure 5-10. 4Meff of the FMR fitting for the fourfold Fe at 300 K. The samples have single crystalline
KFeF3 with a thickness of 50 nm.

Conclusively, the results of Hrot and 4Meff prove that the fourfold FMR peak is
defined as the main Fe layer, whereas the twofold peak is the seed layer.
Care was taken to extract the values of 4Meff from the magnetometry measurements
(MOKE and SQUID) taking into account other magnetic components such as seed layer,
diamagnetic contribution from substrate and Ag template, and paramagnetic contribution
from fluoride and Au capping layer. The weak ferromagnetic transition in the AFM
KFeF3 has also a strong influence on obtaining 4Meff from the magnetometry
measurements at low temperature. These extra magnetic contributions either change the
shape or shift the hysteresis of the main Fe layer in the perpendicular direction. Fig. 5-11
(a) and (b) demonstrate two different model cases where the seed layer saturation field is
smaller or larger than that of the main Fe layer, respectively. In reality, the transitions are
not very clear, so errors could be introduced to obtain 4Meff. Although the diamagnetic
and paramagnetic contributions can be substrates from the measured hysteresis, they may
still introduce errors as the main layer signal is small due to the nature of ultra-thin film
(maximum Fe thickness is 2.1 nm)
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Figure 5-11. Models of the effect of seed layer on obtaining 4Meff from magnetometry measurements. (a)
Model one: seed layer saturation magnetization is smaller than that of the main Fe layer. (b) Model two:
seed layer saturation magnetization is larger than that of the main Fe layer.

Fig. 5-12 illustrates how the 4Meff is subtracted from the SQUID measurements and
what are involved the errors. Two different values for 4Meff are obtained by
extrapolating the hysteresis parts with maximum slope to the saturation magnetization
and taking the two cross point field values and averaging them. The deviation gives values
of error. As the SQUID picks up signals from any magnetic sources, the two extrapolated
lines of the hysteresis loop are not coincident because of the seed layer effect or other
magnetic components. The magnetic components other than that from the main Fe film
are potential the sources of errors.
Note, here “emu” ais used s the magnetization unit in the hysteresis measurements
conducted by SQUID because the moment not only includes the effect of the seed layer
but also the effect of the ferromagnetic transition of the KFeF3. As explained before, this
ferromagnetic transition depends on temperature, thickness of KFeF3 and defects in the
film and remains unclear or confusing. Thus, comparison of magnetization between
samples is lack of trustworthy. However, from figures Fig. 5-15 and Fig. 5-16, the inverse
linear dependence of 4Meff on the Fe thickness indicates there is a surface anisotropy.
Therefor, The low values of 4Meff suggests that the Fe film does not have a full magnetic
moment because of the thickness.
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Figure 5-12. The way to subtract the values of 4Meff from SQUID measurements at 300 K. The sample is
116. Extrapolate the parts of the hysteresis loop with maximum slop, and take the values of two cross
points P1 and P2 with the extended saturation lines at negative and positive directions and the average
gives the value of 4Meff and difference gives the deviation. Diamagnetic contribution has been corrected
first.

A similar analysis was applied to obtain the 4Meff from MOKE measurements shown
in Fig. 5-13. These measurements only pick up the ferromagnetic signal from the top main
Fe layer due to the penetration depth of the laser beam used (although the paramagnetic
contributions from the KFeF3 and capping Au layer should be considered). In this sense,
the 4Meff values obtained from MOKE are more estimates reliable for the Fe layer.
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Figure 5-13. The way to subtract the values of 4Meff from MOKE measurements at 300 K for the sample
S_0.60_2.1_50. Extrapolate the parts of the hysteresis loop with maximum slop, and take the values of two
cross points P1 and P2 with the extended saturation lines at negative and positive directions and the
average gives the value of 4Meff and difference gives the deviation. Paramagnetic contribution has been
corrected by assuming the Fe layer is saturated at a field larger than 15 kOe.

Obtaining 4Meff values from the low temperature SQUID measurements proved to be
difficult for some samples. Fig. 5-14 shows examples of two different samples measured
at 25 K and 300 K. Note that the magnetization is not saturated yet at the maximum
applied field of 70 kOe at the third quadrant, the magnetization increases at 25 K and the
hysteresis loop is not symmetric. As the values of the Fe saturation magnetization Ms at
298 K and 0 K are 2744 emu/g and 2790 emu/cc, respectively.32 The difference of Ms
between the 25 K and 300 K at maximum is less than 2%. Therefore, the large
magnetization change at different temperatures should be from something else rather than
the Fe film itself. These could be caused by a weak ferromagnetic transition of KFeF3 at
low temperature as discussed earlier.
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Figure 5-14. Perpendicular hysteresis loops obtained by SQUID at 25 K and 300 K for the samples (a)
S_0_1.45_50 and (b) S_0_1.05_50. Note the magnetization at 25 K is higher (~50% in (b)) than that at 300
K. The extra moment is suggested from the ferromagnetic component of the antiferromagnet KFeF3. This
ferromagnetic component makes the subtraction of 4Meff more difficult as it changes the shape of the
hysteresis loop dramatically, especially, in the third quadrant.

The 4Meff values obtained from the different ways mentioned above are listed in the
Table 5-2. Note the difference of the 4Meff values obtained by MOKE measurement and
the FMR fit. The discrepancy could be caused by the nature of weak signal from the thin
Fe film which might be affected by seed layer, a strong diamagnetic contribution from Ag
template and substrate, and paramagnetic contribution from fluoride in the SQUID and
MOKE measurements. The 4Meff values obtained by SQUID are less reliable at 25 K
because of the appearance of the weak ferromagnetic components from KFeF3 discussed
above and in Chapter 3. As there is no further information about this ferromagnetic
component, it is unlikely to obtain the correct values of 4Meff at 25 K.
It is interesting to note that the 4Meff fit values shown in Table 5-2 are different for
the seed layer at 300 K and 25 K. For example, the 4Meff difference of the sample 118
is about 40% at 300 K and 25 K. As the seed Fe is a “free” layer without any coupling
with KFeF3, it indicates that 4Meff = 4Ms - (2K⊥/Ms) is not a constant and is greatly
affected by the surface anisotropy (K⊥) for the seed layer. This is strongly temperature
dependent also. As shown earlier, the single crystalline seed layer has a dominant twofold
anisotropy with a small component of a fourfold anisotropy originating from the intrinsic
anisotropy of the single crystalline Fe. Therefore, it is reasonable that the induced surface
anisotropy (twofold) is not a constant at different temperatures due to the temperature
dependent interaction between the GaAs substrate and the seed layer.
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Table 5-2. 4Meff obtained by different ways. The unit is in kOe. The error in the fitting parameters is ≤ 20
Oe.

Sample

Main
300K
(MOKE)

Main
300K
(SQUID)

Main
25K
(SQUID)

Main
300K
(fit)

Main
25K
(fit)

Seed
300K
(fit)

Seed
25K
(fit)

109

6.67 ± 0.11

8.38 ± 0.18

8.00 ± 0.89

5.70

2.70

N/A

N/A

112

7.21 ± 0.07

8.29 ± 0.04

8.73 ± 0.72

7.15

N/A

5.90

8.60

114

6.33 ± 0.11

6.67 ± 0.28

8.71 ± 0.20

2.30

N/A

6.50

9.00

115

9.39 ± 0.05

9.05 ± 0.39

10.78 ± 0.11

9.70

10.20

6.30

8.00

116

11.83 ± 0.05

13.25 ± 0.58

13.40 ± 0.29

13.60

13.20

6.70

7.89

117

10.00 ± 0.22

9.94 ± 0.50

11.72 ± 0.72

11.40

11.50

6.20

8.00

118

11.44 ± 0.11

12.45 ± 0.83

11.61 ± 0.14

11.84

12.00

5.72

8.00

119*

8.11 ± 0.11

8.88 ± 0.10

8.95 ± 0.06

9.31

9.30

6.60

8.80

120*

8.33 ± 0.11

9.56 ± 0.00

9.56 ± 0.56

9.12

9.40

6.30

8.40

124

-

7.38 ± 0.34

10.00± 0.67

10.66

N/A

2.76

N/A

126

5.35 ± 0.05

-

-

-

-

-

-

127**

-

-

-

8.73

N/A

2.20

N/A

128**

7.50 ± 0.05

10.50 ± 0.16

10.89 ± 0.22

8.88

N/A

2.20

N/A

129

4.00 ± 0.11

7.36 ± 0.14

8.31 ± 1.27

-

-

-

-

130

7.67 ± 0.11

10.00 ± 0.22

9.56 ± 0.86

6.72

-

N/A

N/A

131

5.24 ± 0.04

7.36 ± 0.14

8.39 ± 1.14

-

-

N/A

N/A

134†

-

8.65 ± 0.14

10.99 ± 3.66

9.90

10.8

N/A

N/A

135†

-

9.26 ± 0.02

10.14 ± 0.43

11.00

8.00

N/A

N/A

* Samples made in pairs. **Samples made in pairs. †Samples made in pairs.

For the coupled Fe layer, however, the dominant component is a fourfold anisotropy
with or without a small component of induced twofold anisotropy. Hence, the 4Meff of
the coupled Fe layer should be relatively constant at different temperatures. This can be
seen for some samples, such as 116 and 119, listed in Table 5-2 (measured by SQUID).
However, for some samples, such as 115, 117 and 124, the values of 4Meff obtained from
SQUID at different temperatures vary more than 30%. This could be caused by the
appearance of a weak ferromagnetic transition in the AFM KFeF3, as a result, the
hysteresis loop has been changed to cause the change of 4Meff at low temperature.
Another source for the change of the 4Meff of the coupled Fe layer may be from the
change of the induced surface anisotropy between the template Ag and the Fe layer.
In order to fit the FMR data at 25 K consistently, Hrot measured from FMR temperature
dependence was used as a fitting parameter rather than using 4Meff obtained from
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SQUID at low temperature measurement as a fitting parameter because it is not a constant
due to either the appearance of a weak ferromagnetic transition in the AFM KFeF3 or the
surface anisotropy.
Fig. 5-15 shows the 4Meff dependence at 300 K on the reverse of the Fe thickness 1/
tFM obtained from MOKE, SQUID and FMR fit, respectively. All of them show good
linear relationship with 1/tFM. The measured MOKE and SQUID results are consistent
with each other. The FMR fit is consistent with the MOKE and SQUID results too except
for the thinnest sample (tFM = 1.05 nm). It has been shown that the sample with tFM = 1.05
nm has large a twofold (surface) anisotropy. The large deviation of the 4Meff fit for the
sample with tFM = 1.05 nm may suggest that the surface anisotropy in the FMR
measurement plays an important role and shifts the resonant field.

14
πM
4π
πM
4π
πM
4π

10

πM
4π

eff

(kOe)

12

eff
eff
eff

MOKE
SQUID
FMR Fit

8
6
4
2
0.4

0.5

0.6

0.7
0.8
1/t (1/nm)

0.9

1

FM

Figure 5-15. Thickness dependence of 4Meff obtained by MOKE (open circles), SQUID (open triangles)
and FMR fit (open squares) at 300 K for the single crystalline samples with a 50 nm thick KFeF3. The
error bars of the FMR fitting data are small. The 4Meff values obtained from different experiments are
consistent. The large deviation of the 4Meff obtained from FMR fit at tFM = 1.05 nm may be associated
with the large surface anisotropy found.

The 4Meff dependence on 1/tFM obtained either from SQUID or FMR at 25 K shown
in Fig. 5-16. The 4Meff from SQUID still depends linearly on 1/tFM although the
linearity is not as good as that at 300 K. There is an abrupt drop of 4Meff at the thickness
of tFM = 1.45 nm for the FMR, whereas the 4Meff value obtained by SQUID at the
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thickness of tFM = 1.45 nm is reasonably within the linear fit to 1/tFM. It suggests that the
4Meff could be fundamentally different in the magnetometry and FMR measurements.
Alternatively, there may be some kinds of anisotropies responding more actively to the
high frequency magnetometry (FMR) rather than the low frequency magnetometry
(SQUID), or vice versa.
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Figure 5-16. Thickness dependence of 4Meff obtained by SQUID (closed circles) and FMR fit (open
triangles) at 25 K for the single crystalline samples with a 50 nm thick KFeF3.

The 4Meff dependence of the seed layer (twofold peak) on 1/tFM (t is the thickness of
the main Fe layer) at 300 K and 25 K is shown in Fig. 5-17. Little variation of the 4Meff
is expected because of the same thickness of the seed layer Fe. This also proved the earlier
claim that the seed layer Fe is responsible for the twofold FMR peak. The constant 4Meff
also suggests repeatable substrate and film growth conditions for all the samples checked.
It is noted that the variation of the 4Meff at 25 K is larger than that at 300 K. This may
be caused by the change of the surface anisotropy at 25 K.
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Figure 5-17. FMR fitting result of 4Meff for seed layers of different samples at 25 K and 300K. The seed
layer thicknesses are 0.75 nm for all the samples.

5.3.7 H|| and Hu from FMR fits
All anisotropy results from FMR for the main and seed layers are listed in Table 5-3.
Note for some samples, such as 112, 114 and 116, the fourfold film is accompanied with
a small twofold anisotropy which may be due to surface strain. For the twofold peak
corresponding to the seed layer film, there appears always a small fourfold (H||)
component no matter how large the twofold anisotropy (Hu) is. The fourfold component
is one of the intrinsic properties of the single crystalline Fe (001) film whereas the twofold
component is induced by surface effect or strain in the Fe film. Examples of the twofold
dominant angular FMR fit are shown in Fig. 5-21 and Fig. 5-22. A model followed to
describe the shape of angular FMR measurement is shown in Fig. 5-23.
It is also noted that the samples with very thick and thin KFeF3 and those samples
grown without a seed layer are quite different in terms of different anisotropies in the film.
As a general trend, H|| and Hu are larger for samples having extreme thin or thick KFeF3
compared with samples having moderate thick (50 nm) KFeF3.
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Table 5-3. Anisotropy fitting results for 2_fold and 4_fold films. The unit is in kOe. The error for the
fitting parameters is ≤ 20 Oe. S stands for single crystalline, and P means polycrystalline. The first number
is the seed Fe film thickness, the second is the main.Fe film thickness, and the third is the antiferromagnet
KFeF3 thickness. Thicknesses are in nm. Anisotropy fields are in kOe.

Sample

Main
H||
300K

Main
Hu
300K

Main
H||
25K

Main
Hu
25K

Seed
H||
300K

Seed
Hu
300K

Seed
H||
25K

Seed
Hu
25K

109

0.34

0

0.58

0.025

N/A

N/A

N/A

N/A

112

0.34

0.03

N/A

N/A

0.18

1.64

0.78

2.60

114

0.22

0.05

N/A

N/A

0.20

1.48

0.56

2.38

115

0.46

0

0.46

0.12

0.21

1.46

0.56

2.34

116

0.49

0.05

0.63

0.02

0.17

1.37

0.50

2.38

117

0.45

0

0.52

0.04

0.16

1.48

0.56

2.48

118

0.46

0

0.59

0.04

0.16

1.48

0.66

2.70

119*

0.37

0

0.56

0.04

0.22

1.67

0.90

3.20

120*

0.38

0

0.58

0.04

0.23

1.62

0.86

3.10

124

0.34

0

N/A

N/A

0.20

2.20

N/A

N/A

127**

0.35

0.027

N/A

N/A

0.35

2.20

N/A

N/A

128**

0.36

0.020

N/A

N/A

0.35

2.00

N/A

N/A

130

0.29

1.00

N/A

N/A

N/A

N/A

N/A

N/A

134†

0.27

0.74

1.06

0.56

N/A

N/A

N/A

N/A

135†

0.31

0.39

0.78

0.50

N/A

N/A

N/A

N/A

Note: *samples were made in pair.**samples were made in pair. †samples were made in pair.

The following graphs are plotted using the data in Table 5-3. Fig. 5-18 shows the
thickness dependence of the fourfold anisotropy H|| for the single crystalline samples with
50 nm KFeF3.The inplane fourfold anisotropy H|| measured from the fourfold film FMR
angular scan data at 300 K is shown in Fig. 5-18 as a function of 1/tFM. Within the
thickness range (from 1.05 nm to 2.1 nm), H|| has a clear linear dependence on 1/tFM,
which indicates a surface effect. Note the constant term (~ 1.4 kOe) from the data in
Fig. 5-18 is larger than the constant term of 0.55 kOe in Eq. 5.6. For the fourfold layer at
25 K and the twofold seed layer at 300 K and 25 K, the in-plane fourfold anisotropy H||
and twofold anisotropy Hu cannot be directly obtained from the original FMR angular
scan data since there is (are) other anisotropy contributions. For example, there is always
a fourfold component in the twofold peak at room and low temperatures, and there is an
induced anisotropy (Hu) due to the exchange coupling between Fe and KFeF3 in the
fourfold main Fe layer at low temperature. The fitting results are plotted as following.
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Figure 5-18. Fourfold anisotropy H|| dependence on 1/tFM for the single crystalline samples with 50 nm
thick KFeF3.

The linear dependence of the inplane fourfold anisotropy H|| on sample thickness at
300 K is, in principle, similar to that of H|| for bcc Fe found by Heinrich et al..116, 151
Eq. 5.6 describes that the H|| depends on a sum of a constant and a 1/d terms at room
temperature, where d is in monolayer (ML).116
eff

H || = 2K 1|| ⁄ M s = [ 0.55 – ( 2.5 ⁄ d ) ] (kOe)

(5.6)

Note the constant 0.55 kOe is very close to the bulk value for Fe and the 1/d term most
likely arises from a surface fourfold anisotropy. The inplane anisotropies seem to depend
on the template - sample interface - on which the Fe film is grown.151 However, the film
thickness in this project ranges from 1.05 nm to 2.10 nm (5 to 8 ML, respectively). The
H|| calculated by Eq. 5.6 are much smaller than the experimental data shown in Table 5-3
and Fig. 5-18. This suggests that the inplane anisotropies induced depend on the interface
or/and the quality of the Fe film itself.
Results for H|| and Hu at 25 K are shown in Fig. 5-19. It is interesting to note from the
Fig. 5-19 that the changes of H|| and Hu at 25 K are in opposite trends. When Hu increases,
H|| decreases and vice versa. Compared to the strong linear thickness dependence of H|| at
300 K, there is no clear indication to show such a thickness dependence at 25 K although
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the values of H|| are larger. This may be again associated with the weak ferromagnetic
transition in the AFM at low temperature. As discussed earlier, the weak ferromagnetic
transition is sensitive to defects in the AFM, which may differ from samples. Therefore,
the linear relationship has been violated at 25 K through the change of the exchange
coupling between the FM and the AFM.
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Figure 5-19. Fourfold anisotropy H|| and uniaxial (twofold) anisotropy Hu dependences on 1/tFM for the
single crystalline samples with 50 nm thick KFeF3 at 25 K. The samples were cooled along the [001] EX
of Fe under a field of 7 kOe.

In Fig. 5-20, the anisotropies of seed layer are plotted against the thickness of the
fourfold main Fe films in order to show the difference between the seed layer Fe and the
main layer Fe. Both H|| and Hu are constant at certain temperatures as expected because
the thicknesses of seed layers are the same. It also indicates that the substrate
reconstruction condition at each time is fairly repeatable. It is noticeable that both the H||
and Hu increase at low temperature, however, on average the component of intrinsic
fourfold anisotropy H|| increases more than three times whereas the twofold anisotropy Hu
increases only about 80%.
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Figure 5-20. Fourfold anisotropy H|| and uniaxial (twofold) anisotropy Hu dependences on 1/tFM for the
seed layer Fe for the single crystalline samples with 50 nm thick KFeF3 at 300 K and 25 K. The samples
were cooled along the [001] EX of the fourfold Fe under a field of 7 kOe for the 25 K results.

As examples, the following two plots (Fig. 5-21, 300 K and Fig. 5-22, 25 K) show
different anisotropies obtained at different temperatures by fitting the FMR data.
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Figure 5-21. Fitting results of the 2_fold film of the sample 116 at 300 K. Better fitting can be obtained
when a 4_fold component appears in the 4_fold film. The fitting values for the dotted line are: H|| = 0
(4_fold), Hu = 1.39 kOe (2_fold) and 4Meff = 6.4 kOe; the fitting values for the solid line are: H|| = 0.17
kOe, Hu = 1.37 kOe, 4Meff = 6.7 kOe.
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The fitting results at 300 K and 25 K are shown in Fig. 5-21 and Fig. 5-22, respectively.
A simple model shown in Fig. 5-23 explains the reason why the “twofold” fitting involves
a fourfold component. Note here the fourfold anisotropy increases by about three times
from 0.17 kOe at 300 K to 0.50 kOe at 25 K and the fourfold anisotropy almost doubles
from 1.37 kOe at 300 K to 2.3 kOe at 25 K. Further more, one cannot fit the 25 K data
without increasing the value of 4Meff. It suggests that there is a perpendicular anisotropy
for the seed layer because of the interaction between the seed layer and the substrate,
which explains why the inplane anisotropies (both twofold and fourfold) and the 4Meff
are low at 300 K. As temperature decreases, the spins of the seed layer are tending to align
inplane of the film, consequently, the inplane anisotropies (both twofold and fourfold) and
the 4Meff are high at 25 K.
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Figure 5-22. Fitting results of the twofold film of the sample 116 at 25 K. Better fitting can be obtained
when a fourfold component appears in the fourfold film. The fitting values for the dotted line are: H|| = 0
(fourfold), Hu = 2.43 kOe (twofold) and 4Meff = 6.87 kOe; the fitting values for the solid line are: H|| =
0.50 kOe, Hu = 2.38 kOe, 4Meff = 7.89 kOe.

From the above results, the following models are suggested.

5.3.8 Anisotropy and symmetry - models and examples
Interfaces, lattice relaxations, and lattice reconstructions are responsible in a wide
range of magnetic properties for thin films.138 Study of epitaxial Fe on GaAs (001) shows
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that the anisotropy and symmetry of Fe films are dependent on substrate reconstruction,
seed layer and template.139
Fitting data for the twofold peak show there is always a fourfold component which
value depends on the thickness, template and substrate reconstruction which result in
different surface anisotropies. Fig. 5-23 demonstrates three models determining the
anisotropy values, shape and symmetry. The cases in Fig. 5-23 (a) and (b) are the most
seen in the seed layers where the twofold anisotropy (uniaxial anisotropy) is induced by
the interface between substrate and seed layer and the fourfold anisotropy is the intrinsic
property of the single crystalline Fe. The case in Fig. 5-23 (c) is for the exchange coupled
Fe film where the twofold anisotropy (uniaxial anisotropy) is induced by the coupling
between Fe and KFeF3. In the model (c), we have not put in the interaction component
supposed to be corresponding to the Hrot which only shifts the curve up and down which
is not necessary for seed layer Fe as it is a “free” layer.
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Figure 5-23. FMR models. (a) less 4_fold component; (b) more 4_fold and (c) 4_fold is dominant.
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Fig. 5-24 shows examples of anisotropy and symmetry dependence on sample growth
conditions, which can be explained by the above models. The growth conditions may
account for the difference. With a seed layer Fe and thick template layer Ag, almost
perfect fourfold film shown in closed circles in Fig. 5-24 can be obtained, indicating the
film has less defects or strain. Fe film such as seed layer (closed triangles) grown directly
on substrate shows dominant twofold symmetry and large anisotropy, suggesting the
surface anisotropy or defects or strain play a key role. For films (open squares and open
triangles) grown on Ag template but without a seed layer, the Ag template thickness is
important for the relaxation of strain or defects from the substrate. The thickness of Fe,
tFM, plays an important role as well in terms of the anisotropy and symmetry. Thick film
may behave more like a bulk single crystal Fe by relaxing defects and reducing the surface
effects.
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Figure 5-24. Fe symmetry and crystalline anisotropy dependence on different conditions.

5.3.9 FMR Linewidth
The FMR linewidth ΔH was measured during the angular scans. In general, ΔH follows
the same angular dependence displayed by the resonant field as shown in Fig. 5-25,
Fig. 5-26 and Fig. 5-27 for the samples 116 and 112. However, the angular dependence
of ΔH is clearer at 300 K than at 25 K.
The microwave frequency dependence of the FMR linewidth ΔH can be used to
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determine both the intrinsic Gilbert damping and the contribution from magnetic
inhomogeneities.138

ω
G
ΔH = ΔH ( 0 ) + 1.16 ⎛ ----⎞ ⎛ -----------⎞
⎝ γ ⎠ ⎝ γ M s⎠

(5.7)

The linear part is given by the Gilbert damping and where ΔH(0) is the zero-frequency
offset corresponds to the broadening due to magnetic inhomogeneities and G is the Gilbert
damping term. Therefore, ΔH change for a sample at different temperatures should be
dependent on G.
Variations of the FMR linewidth are large, and generally follow the same angular
dependencies as exhibited by the resonance fields. Examples are shown in Fig. 5-25,
Fig. 5-26 and Fig. 5-27 for FMR linewidths measured in samples 116 and 112. at 300 K
and 25 K. In Fig. 5-25, the linewidth of the twofold seed layer at 300 K shows nonsymmetric fourfold which is consistent with the fitting result containing a small fourfold
anisotropy for this sample. However, the linewidth of the fourfold main Fe layer at 300 K
does not show clear correlation with the angular dependence of its fourfold anisotropy,
which could be explained by the fact that the linewidth is so narrow to be within the
uncertainty of the remanent field of the electromagnet used in the FMR experiments.
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Figure 5-25. Linewidth of twofold and fourfold films for the sample 116 at 300 K. The twofold shows
clearly fourfold symmetry. The fourfold does not show such probably because the linewidth change ΔH is

133

Synthesis and Characterization of Magnetic Thin Films - Exchange Bias Systems

too small and within the uncertainty of the magnetic field produced by the electromagnet.

In Fig. 5-26, both the linewidths increase of the twofold seed layer and fourfold main
layer at 25 K and both the linewidths show kind of fourfold angular dependency. For the
fourfold main layer, the linewidth starts showing similar angular dependency as its
anisotropy because the increased value of the linewidth is large enough to overcome the
uncertainty of the electromagnet.
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Figure 5-26. Linewidth of twofold and fourfold films for the sample 116 at 25 K. They both show weakly
fourfold symmetry.

In Fig. 5-27, however, both 300 K and 25 K linewidths of the coupled Fe layer show
clear angular dependence as the resonant field. This is because the resonant fields are
large for this sample and the linewidth is proportional to the resonant field. Therefore, the
errors introduced by the electromagnet and other data processing are significantly small
enough to reveal the intrinsic angular dependence of the linewidth.
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Figure 5-27. Linewidth of 109 shows the same symmetry as that in resonant peaks. Note there is no 2_fold
peak but only 4_fold one. The clear 4_fold linewidth is seen because the resonant field is large for this
sample and the linewidth is proportional to the resonant field.

The linewidth variations measured along EX [110] and HX [100] of the coupled and
seed layer Fe are strongly temperature dependent as shown in Fig. 5-28 for the sample
116. It is noted in Fig. 5-28a that for the coupled Fe layer, the HX linewidth is smaller
than the EX linewidth below the temperature of ~80 K, whereas the HX linewidth
becomes larger than the EX linewidth above the temperature of ~80 K. Compared with
the seed layer shown in Fig. 5-28b where the HX linewidth is always larger than the EX
linewidth because the Hres of HX is always larger than the Hres of EX, and the linewidth
is normally proportional to the resonant field. Hence, the smaller ΔH of HX at low
temperature should be related to a larger rotational anisotropy Hrot appearing in the HX
than that in the EX. As discussed earlier and shown in Fig. 5-29, the Hrot decreases as the
increase of temperature, therefore, the intrinsic ΔH of HX becomes dominant and catches
up the ΔH of EX at the temperature about 80 K which is lower than the blocking
temperature found in this sample.
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Figure 5-28. Temperature dependence of linewidth ΔH for the (a) fourfold main Fe film and (b) twofold
seed Fe film. The sample is 116. The EX linewidth ΔH shown in (a) is larger than that of the HX below
about 80 K and smaller at higher temperature. THe exchange coupling between the Fe and KFeF3 may be
the cause. However, for the “free” seed layer, the EX linewidth ΔH shown in (b) for the seed layer is
smaller than that of the HX at all temperatures.

The temperature dependence of resonant fields for the seed layer and the main Fe layer
is shown in Fig. 5-29. Both the EX and HX resonant fields are linearly dependent on
temperature however the trends are different, the EX resonant field decreases with the
decrease of temperature whereas the HX resonant field increases with the decrease of
temperature.
Fro the exchange coupled main Fe layer, not only is there a sudden drop (denoted as
rotational anisotropy) of the resonant field at both EX and HX below ~110 K but also have
the resonant fields the similar temperature dependence. In this sample, the Hrot is larger
at HX than EX.
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Figure 5-29. Temperature dependence of Hres for the twofold and fourfold films measured along EX and
HX for the sample 116. Note the different temperature dependence of the twofold (seed) layer at EX and
HX. The coupled Fe layer has a larger rotational anisotropy Hrot at HX than that at EX. Note the HX Hres
is always larger than the EX Hres.

5.4 Conclusion
• For a particular sample, the ratio is expected to be constant due to the constant ratio of
thickness between seed and main Fe. We notice that the ratio of the two peak intensities for a sample measured at same temperature and same angle is not constant and
varies for different samples as well. The reason is not clear yet. One possible explanation is that the main Fe layer spins do not rotate coherently due to the non-homogeneous pinning by the AFM spins at the interface. Hence the FMR peak intensity of the
main Fe could be low. For the seed Fe layer spins, however, may have coherent rotation because of no other interaction which results in high FMR peak intensity
although the seed layer is thin. Further study is needed to investigate this phenomenon
of peak disappearing.
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• The seed layer in our Fe/KFeF3 bilayers displays a large twofold anisotropy whereas
the exchange coupled Fe displays a fourfold anisotropy. A large rotatable anisotropy
appears simultaneously with a small bias ﬁeld for single crystalline samples. All samples show exchange bias at low temperatures although the interface should be compensated. The largest exchange bias was found in the case of polycrystalline ﬂuorite.
• FMR is only sensitive to bias asymmetries larger than 30 Oe because of the remanent
ﬁeld in the electromagnet.
• Low values of 4πMeff from seed layer suggest that there is a perpendicular anisotropy, about half of the spins are out of plane.
• Linewidth shows fourfold symmetry for most of the samples.
• The exchange bias is small for some samples despite the presence of a relatively large
rotatable anisotropy.
• An interesting thing is that for some samples the fourfold peak in the FMR measurements disappears at low temperature.
• There is always a fourfold component in the nominal twofold seed layer ﬁlm, which
suggests that intrinsic property (fourfold anisotropy) of single crystalline Fe and some
kind of surface anisotropy (twofold component).
• Exchange bias and coercivity have similar trend with the Hrot, suggesting the same
origins.
• The component of fourfold anisotropy (H||) increases more quickly with the increase
of ﬁlm thickness than that of the twofold anisotropy (Hu) in the seed layer. It suggests
the intrinsic property becomes stronger than the surface effect.
• An in-plane uniaxial magnetic anisotropy unexpected from the crystal symmetry of
bulk bcc Fe. It is now generally believed that the atomic scale structure related to the
reconstruction of the semiconductor surface is responsible for this uniaxial anisotropy.
However, the precise role of the atomic scale structure of the substrate surface is
unclear.
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Chapter 6 Conclusions
Two exchange bias systems are investigated in this thesis. One is a disordered system:
a single layer Co/CoO film with random interfaces prepared by a reactive RF sputtering
technique. The other is a ‘model’ system of Fe/KFeF3 bilayers with compensated
interfaces prepared by molecular beam epitaxy (MBE). The central theme of this work is
to understand exchange bias and other related magnetic properties in these two very
different systems. The two systems are summarized separately in Section 6.1 and
Section 6.2, respectively. Future work is also suggested in Section 6.3.

6.1 Co/CoO random interface system
Single-layered films consisting of Co and CoO made by reactive RF sputtering show
large exchange bias and enhanced coercivity for CoO-rich (oxygen-rich) films. The Co/
CoO exchange bias system studied here is different in structure from conventional
exchange bias systems such as bilayer and multilayer systems where interfaces between
ferromagnet and antiferromagnet are reasonably well defined. In this Co/CoO system the
Co and CoO is in the form of particles distributed randomly in a sputtered film. The
interfaces between the Co and CoO are randomly distributed and may not be continuous
over a large length scale. More importantly, the interface area is dependent on the shape
and size of the particles and on their distribution. Many unique magnetic properties are
related to the random interface in this system. For example, exchange bias and coercivity
obtained at low temperatures are very large due to the large interface area between Co and
CoO particles. The interface area can be controlled by changing the Co/CoO mass ratio
in the film. Unlike in bilayer systems, film thickness in this single layer Co/CoO system
turns out not to be critical for exchange bias and coercivity as long as the phase and
structure are the same. The independence of film thickness may be technically important
because it is easy to control exchange bias in a single layer system by controlling the
amount of ferromagnetic component. More interestingly, because the interface is random,
exchange bias can be setup by field cooling in any direction.
Both training and magnetic viscosity effects were studied and provided evidence of
thermal activation processes in the single film Co/CoO disordered system. Training is
explained as formation of a domain wall in the CoO with motion limited locally due to
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limited continuity of interfaces between the Co and CoO. Specific magnetization
measurements over time were made and studied using viscosity theory. The magnetic
viscosity was found to be strongly temperature dependent with a peak in the viscosity at
a temperature of about 100 K which is far below the blocking temperature of 250 K. There
is a broad distribution of blocking temperatures which might be due to a broad distribution
of Co particle sizes.
Both Co and CoO are polycrystalline with strong (111) texture. The striking feature of
this film structure is that the interface area between ferromagnet and antiferromagnet can
be controlled by changing the FM/AFM mass ratio in the film. Film thickness turns out
not to be critical, like in the bilayer systems as long as the phase and structure are the
same. HE and Hc and other magnetic properties are not affected by the film thickness
ranging from 50 nm to 2 μm. It may be technically important because it is easier to control
exchange bias in a single layer system by controlling the amount of ferromagnetic
component and its size compared with a bilayer system. More interestingly, as the
interface in randomly distributed, exchange coupling can be setup by field cooling sample
in any directions with respect to the film plane to produce exchange bias.
Strong exchange coupling can be locally setup by cooling without an applied field
because of the local randomly distributed fields of the Co particles. The large exchange
coupled particles setup during cooling without a field are less likely to be affected by a
subsequent cooling field. The highest blocking temperature TB = 250 K is lower than the
Néel temperature TN = 293 K of CoO. TB is also affected by the CoO (or Co) content in
the films.
The temperature dependence of HE follows the typical linear, (1-T/TB), temperature
dependence below the blocking temperature TB found in other exchange bias systems. Hc
for FC and ZFC behave similarly to each other with temperature. However, the value of
Hc for FC is always larger than that for ZFC before they coincide at the temperature of
250 K. Meanwhile, the temperature dependence of Hc for both the FC and ZFC does not
fit a (1-T/TB) dependence.
Specific magnetization measurements over time can be fitted with logarithm of time.
Magnetic viscosity obtained is strongly temperature dependent. There is a broad peak
found in the magnetic viscosity dependence on temperature between 50 and 100K which
far below the blocking temperature of 250 K. The reason for the broad peak is not clear
yet. The sample with more CoO content (thicker CoO shell) has a larger viscosity than the
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sample with less CoO content. The anisotropy of thinner CoO might be smaller and less
energy is needed for reversal. Evidence for distribution of blocking temperature which
might be associated with a distribution of Co particle size. Co/Mn systems shown in
Appendix 1 with similar structure as Co/CoO displays similar results of large Hc and HE.

6.2 Fe/KFeF3 model system
Epitaxial Fe/KFeF3 samples show exchange bias at low temperatures although the
interface should be fully compensated. A large rotatable anisotropy appears
simultaneously with a small bias field for single crystalline samples. Many striking
features found in this system may be related to a weak ferromagnetic transition resulting
in a ferromagnetic spin canting in the AFM KFeF3 at low temperature. The occurrence of
this weak ferromagnetic transition can depend on several key parameters, such as
temperature, defects in the KFeF3 and film thickness. Once this weak ferromagnetic
transition happens, the exchange coupling between Fe and KFeF3 will become stronger
than the situation without this weak ferromagnetic transition. It is also possible that the
AFM spins can be somehow dragged during FM reversal. Hence, all the magnetic
properties of the sample, such as HE, Hc, shape of hysteresis loop, thermal activation
process and domain formation and movement will be affected by the consequences of this
weak ferromagnetic transition.
All samples show training effects which depend on temperature and the crystalline
structure of KFeF3. Single crystalline samples show small training effect at low
temperature (5 K) and no training at temperatures above 10 K. This suggests that the
energy barrier distribution becomes broad at low temperatures. Polycrystalline samples
show very large training effects at low temperature and small training effects at
temperatures above 40 K. Results from thermal pulse experiments are reported and used
to confirm the existence of a weak ferromagnetic transition in the antiferromagnet below
40 K.
Different anisotropies are obtained by fitting the FMR data. Two resonant peaks in the
FMR spectrum are distinguished as one from the seed layer Fe (with large twofold
anisotropy) and the other one from the main layer Fe (with normal fourfold anisotropy).
A relative large rotational anisotropy (Hrot) was found. Similar trend of the temperature
dependences of exchange bias and Hrot suggests they may have the same origin. Hence,
the different values of Hrot obtained at different crystalline directions of Fe can explain
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the different values of exchange bias acquired by SQUID at different crystalline
directions. We note that the ratio of the two peak intensities is not constant and varies for
different samples measured at different angles. Further study is needed to investigate the
phenomenon of main Fe peak disappearing for some samples. Linewidth of FMR peak
was also discussed.
The thickness effects of both the FM and AFM on HE and Hc have been studied. In
general, both HE and Hc are roughly inversely proportional to the thickness of FM layers
except the sample with tFM = 1.05 nm at 10 K. The large Hc at 10 K suggests that the
KFeF3 may be dragged by Fe or an external field during reversal due to the stronger
coupling between Fe and KFeF3 resulted from the ferromagnetic transition below 40 K.
Another possibility for the large Hc is that the activation energies in KFeF3 become broad
at low temperature. The broad activation energies in KFeF3 will affect domain formation
and movement in KFeF3, hence will change the hysteresis slopes and increase Hc.
HE and Hc also depend on the in-plane crystalline direction at which hysteresis
measurement is taken. Larger HE at HX hysteresis and larger Hc at EX hysteresis were
found in different samples. The large HE at HX could be due to some kind of spin rearrangement at the interface. Further studies are needed to understand this AFM
orientation phenomenon. The magnitude of Hc at EX and HX depends on the competition
between the FM anisotropy and the energies involved domain movement in the AFM. For
FM with large anisotropy, the hysteresis loop behaves more intrinsically like a single
crystalline ferromagnet - larger Hc and more square hysteresis at EX than at HX.
In FMR measurements, low values of 4Meff from seed layer suggest that there might
be a perpendicular anisotropy caused by broken symmetry at surface. FMR linewidth
shows fourfold symmetry for most of the samples even for the nominal twofold seed
layer. There is always a fourfold component in the nominal twofold seed layer film, which
suggests that intrinsic property (fourfold anisotropy) of single crystalline Fe and some
kind of surface anisotropy (twofold component).
Both fourfold anisotropy (H||) and twofold anisotropy (Hu) are also temperature
dependent. H|| increases more quickly than Hu in the seed layer with decrease of
temperature. It suggests the intrinsic property becomes stronger than the surface effect at
low temperature.
Thermal pulse experiments reveal the thermal activation process in the AFM. HE is not
fully reversed even when the temperature reaches 120 K in the thermal pulse experiments
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for the polycrystalline sample. Two different stages for the polycrystalline sample at
different experiments confirmed the weak ferromagnetic transition in the AFM below 40
K. The weak ferromagnetic transition depends not only the temperature but also the
crystalline structure (defects). For polycrystalline sample in the thermal pulse experiment,
the hysteresis loop width (coercivity) keeps unchanged except the first loop at 5 K.
However, at 40 K, the polycrystalline sample has the similar behaviour as the single
crystalline sample.
The exchange bias changed sign in the thermal pulse experiments when the
temperature was far below the blocking temperature TB and the Néel temperature TN.
However, the exchange bias has not reached the value which is setup during the field
cooling process even the temperature is higher than the Néel temperature TN of the AFM.
It indicates some of AFM spins are still not aligned yet with the external field. Secondly,
that the pinning fields provided by the antiferromagnetic domain structure can be
modified by repeated cycling of the applied field, and that such domain reversals are
thermally-activated can be shown by thermal-pulse experiments
Generally, time dependent results do not fit the Eq. 1.8 because of the nature of a
narrow distribution of activation energy barriers in all the samples including the
polycrystalline one.
In the Fe/KFeF3 system, measurements over 40 K indeed make the analysis easier due
to the absence of the ferromagnetic transition of the KFeF3. However, there are at least
three reasons worthwhile to investigate the system over the whole temperature range (5 300 K).
i) We initially did not know how the ferromagnetic transition would affect exchange
bias, coercivity and thermal behaviors of this system below 40 K. It is interesting to
investigate the magnetic properties at low temperature.
ii) Considering the nature of the AFM KFeF3 with low anisotropy, exchange bias is
expected to be small above 40 K. For example, the exchange bias for the sample 116 is
less than 20 Oe even at a temperature of 10K and less than 10 Oe at 40K. In this regard,
at higher temperature than 40K, analysis becomes sometimes more difficult because large
error may be involved due to, say, imperfection of sample, seed layer effect and sensitivity
of the instruments used to conduct measurements.
iii) We found that not all samples are subjected to this ferromagnetic transition at a
temperature lower than 40K. It is especially true for those samples with 50 nm thick
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KFeF3 (such as, 112, 115, 116, 118 - 120) that such ferromagnetic transition is barely seen
or at least very weak. As stated in the text, the ferromagnetic transition depends not only
on temperature but also on something else like KFeF3 film thickness and defects. It is still
lack of fully understanding about KFeF3 itself and the Fe/KFeF3 system. Therefore, it is
suggested in the section of future work in Chapter 6 that further work is needed to fully
understand the behavior of KFeF3 consequently the Fe/KFeF3 exchange bias system at
different temperatures.

6.3 Future work
It is essential to know the detail structure of the Co/CoO films, for example, the exact
particle sizes of FM Co and AFM CoO, the distribution of particle sizes and consequently
the total interface area, and setup a model to describe the magnetic properties. TEM is a
useful tool to do the job.
For the Fe/KFeF3 system, the disappearance of the main layer FMR peak at low
temperature for some samples is still a mystery. The FMR peak of the thinner seed layer,
however, shows up almost (except the sample 109) at all the time.
The weak ferromagnetic transition of the AFM KFeF3 at low temperature (< 40 K) is
very important in explaining some anomalous behaviours of some samples (samples with
polycrystalline KFeF3, or with very thin and very thick KFeF3) at low temperature.
It seems that temperature is not the only parameter to trigger the weak ferromagnetic
transition of the AFM KFeF3 at low temperature. Other aspects, such as defects in the
KFeF3 and thickness of the KFeF3 do have a great influence on the weak ferromagnetic
transition of the AFM KFeF3, consequently affect the magnetic properties at low
temperatures. It is still not clear how these factors affect the transition.
More work needs to be done on the samples with different thickness of KFeF3. But care
should be taken as the weak ferromagnetic transition of the AFM KFeF3 at low
temperature happens for many of the samples. Very large coercivity and exchange bias
are found in the above mentioned samples. It is still lack of enough knowledge to know
the reasons.
Rate dependence is important to understand the dynamic process how the exchange
biased system changes. However, rate dependence of the exchange biased Fe/KFeF3
samples at low temperatures has not been completed yet since some fundamental
problems found in the experiment. There seems an unknown component in the
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experimental results, which contributes to the change of coercivity. It could be eddy
current effect in the sample holder, cryostat or in the sample itself or something else.
Another issue is associated with the field source which can provide a limited magnitude
of field, in turn, the range of rate change is limited as well. The accuracy of the rate
measurement is limited by the weak magneto-optical signal due to the fact of ultrathin
film - from 1.05 to 2.10 nm (5 to 9 atomic layers of Fe) thick Fe. Thicker Fe films may be
needed in the future in terms of making rate dependent measurements by MOKE.
The interface spin structure and also the structure of AFM are crucial to understand the
behaviour of exchange bias and coercivity in the Fe/KFeF3 system. Neutron diffraction
might be a way to obtain some detailed information about the interface structure and the
dynamic process of domain formation and movement in FM and AFM during magnetic
reversal.
More FMR measurements and more polycrystalline samples are needed to compare the
exchange bias and coercivity results regarding the crystalline structure or structure defects
in the AFM. At some temperature, the seed layer coercivity coincides with the main layer
coercivity at some temperatures, which, in turn, affects the obtaining the true value
exchange bias and coercivity of the coupled main Fe layer. There might be some kind of
interaction (exchange coupling) between the seed layer and the main Fe layer from the
FMR and SQUID measurement.
Samples without seed layer will be beneficial for other measurements. Crystalline
structure or defects may be a concern as shown for the samples without a seed Fe layer.
Surprisingly large coercivity for these samples may indicate some interface defects.
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Appendix 1 Additional Materials
1.1 Disordered system
Attempts were made to fabricate Co nano-particles from mechano-chemical alloying
then followed by oxidation process either by exposing the Co particles to ambient
temperature in air, or subjecting heat-treatment under O2 atmosphere to form
antiferromagnet CoO as a shell outside of the Co particles. The particles with a core of Co
and a shell of CoO have similar random interfaces with the single layered films discussed
in Chapter 2. The aim was to compare exchange bias and magnetic properties in these two
different kinds of samples with similar interface structures. Results of Co/Mn single
layered films made by RF sputtering technique using a pure Co target with evenly
distributed small Mn chips on top are also shown. This system is analogous to the Co/CoO
single layered system with random interfaces.

1.1.1 Nano-particles by mechano-chemical alloying
Mechano-chemical alloying was carried out using a Spex 8000 mixer/mill. The
mechano-chemical alloying process is described as following:
CoCl 2 + 2Na + NaCl → Co + 3NaCl

(A 1.1)

Extra NaCl was used to dilute Co particles in order to get well dispersed nanosized
particles. The ball to mass ratio was 10:1, milling time was 12 hours. Co particles are in
a form of mixture of hcp and fcc by XRD. NaCl was washed away using pure water. The
Co particles were then oxidized either by exposing the Co particles to ambient
temperature in air for three month, or subjecting a heat-treatment at 400˚ C for 10 min.
under O2 atmosphere.
The samples for magnetic measurements were cold pressed into discs of 5 mm in
diameter and 3 mm in length. The densities of these samples were about 0.6 - 0.65 of the
theoretical values. Hysteresis loop of Co particle sample obtained by SQUID is shown in
Fig. A1-1. HE is small (about 100 Oe at 10 K) for the sample exposed to atmosphere for
more than 3 months. It is probably because there is not enough CoO formed during the
oxidation process or the particle sizes of Co are not small enough.
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Figure A1-1. Hysteresis loop for a sample of Co particles made by mechano-chemical alloying. The Co
particles were exposed to air for 3 months at ambient temperature. The sample was cold pressed into a disc
of 5 mm in diameter and 3 mm in length. Sample was FC under 20 kOe to 10 K when measurement was
taken.

1.1.2 Co/Mn with similar film structure with Co/CoO
Analogue to the single film of Co/CoO, Co/Mn single films were made by sputtering
using Co target with small pieces of Mn on it. Co/Mn samples in the Mn rich region show
large exchange bias and enhanced coercivity similar to the Co/CoO samples in the CoO
rich region. The hysteresis loops measured in the plane and out of the plane of the film
directions for a Mn-rich sample at 10 K are shown in Fig. A1-2. As expected, HE exists
at any direction and larger at the out-of-plane direction. HE and Hc measured out of plane
of film are about 1.0 kOe and 6.5 kOe respectively. HE and Hc measured inplane are about
1.0 kOe and 6.5 kOe respectively. HE and Hc are also highly sensitive to the mass ratio of
Co/Mn, which is consistent with the Co/CoO system with similar structure.
Co/Mn results are consistent with that of Co/CoO. One can see that single layer film
with a composite of FM and AFM (random interfaces) can increase exchange bias and
coercivity effectively due to the large interface area. Exchange bias can be setup by field
cooling in any direction as the interface is random,
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Figure A1-2. Co/Mn inplane and out of plane hysteresis loops. Samples were 50 kOe field cooled from
300 K to 10 K and measured at 10 K. The sample moment is about 2 emu/g indicating only small amount
of Co in the film. Film was made under sputtering power of 40W for 1 hour.

1.2 Co/TbGdFeCo system
Exchange bias systems which have a ferrimagnet as part of the exchange bias couple
have been reported in the literature.4 Due to their magnetic structure, ferrimagnets can
play either the role of the AFM or FM in bilayer systems. In order to investigate the
domain formation and movement in an exchange bias system using Kerr Microscopy or
Magnetic Force Magnetometer (MFM), it is essential to have a room temperature
exchange biased system with one layer possessing a perpendicular anisotropy.
Amorphous Gd10Tb6Fe80Co4 film is a kind of ferrimagnet with a perpendicular
anisotropy at room temperature. Therefore, an exchange bias system consisting a Co film
as a FM and an amorphous Gd10Tb6Fe80Co4 film as an AFM was made by sputtering
technique. Exchange bias found in this system and the sample can be initialized by
applying an inplane saturation field. Field cooling is not necessary for producing
exchange bias in this system. Hence this is a very promising candidate for investigating
domain formation and movement. Further more, it may be also a promising candidate for
analysing different anisotropies and spin dynamic evolution using a newly built
equipment - Pulse Induction Microwave Magnetometer (PIMM) in the Magnetic Lab of
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UWA.

1.2.1 Samples preparation
Sample was prepared by a DC sputtering machine in the Swinbourn University,
Australia. The base pressure was 3×10-8 Torr. The sputtering Ar gas pressure was 4 mTorr
for all films. The film structure is as following: Cr 18nm (buffer layer)/GdTbFeCo 90 nm/
Co 100 nm/Cr 9nm (capping layer). The target composition is Gd10Tb6Fe80Co4 with
which the compensation temperature, where the two sublattice spins cancel each other,
should be above 400°C.

1.2.2 Results and discussion
The system exhibits inplane exchange bias at room temperature and above. The system
can be initialized each time by applying an inplane saturation field. Both HE and Hc are
very sensitive to the magnetic history of the sample, especially, the history of the out of
plane field. If the sample has been saturated in the out of plane direction first then
measured in plane, it results in no HE and smaller Hc. The results can be interpreted by
the appearance of some inplane spins of Gd10Tb6Fe80Co4 at interface which are coupled
with the Co film. Field cooling here is not necessary to obtain HE. The amount of inplane
spins of Gd10Tb6Fe80Co4 is the key to understand the HE and Hc and the temperature
behaviour.
Fig. A1-3 shows the inplane hysteresis loops for the bilayer sample mentioned above.
HE is found only if the sample has not been subjected to a out of plane magnetization
history. In addition, Hc for the sample subjected an out of plane saturation field is smaller
than that without an out of plane field history. We assume the GdTbFeCo film still has
“free” spins lying inplane of the film although it has strong perpendicular anisotropy. The
GdTbFeCo film spins are all perpendicular to the film plane after it has been subjected an
out of plane field history, consequently, it results in no exchange bias because no coupling
between the perpendicular GdTbFeCo film spins and the inplane Co film spins. HE
measured inplane appears only if the sample has no perpendicular field history or after
applying an inplane saturation field. The inplane GdTbFeCo film spins are able to couple
with the in plane Co film spins to produce HE. And also because of the coupling, torque
can be “pumped” into the GdTbFeCo film causing domain formed and domain
movement, which in turn increases Hc.
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Figure A1-3. Sample GdTbFeCo 90 nm/Co 100 nm, measured inplane at 300 K.Sample GdTbFeCo 90
nm/Co 100 nm, measured inplane at 300 K. Open triangle loop showing no exchange bias and smaller
coercivity has an out of plane field history. Close circles showing exchange bias and larger coercivity has
not an out of plane field history.

We found HE and Hc depend not only on subjecting an out of plane field history but
also on the magnitude of in plane measuring field. The dependence of HE and Hc on the
applied field is shown in Fig. A1-4. The sample was initialized by applying an inplane
saturation field of 70 kOe each time before the hysteresis measurement was taken. As
inplane measuring field increases both exchange bias and coercivity decrease. It suggests
that the inplane GdTbFeCo film spins are not “rigid” and they can align energy favourably
with “large” external field, which results into destroying the spin configuration between
GdTbFeCo and Co setup by the initial inplane field. Consequently, both HE and Hc
decrease.
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Figure A1-4. Applied field dependence of HE and Hc.Sample GdTbFeCo 90 nm/Co 100 nm, measured
inplane at 300 K.

The temperature idependence of Hc and HE is shown in Fig. A1-5. One can see that
exchange bias has little change over the change of temperature whereas coercivity
decreases linearly with the increase of temperature. Coercivity change can be interpreted
by the change of Co anisotropy with temperature. Little change of exchange bias indicates
the temperature has little effect on the spin configuration between Co and GdTbFeCo.
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Figure A1-5. Temperature dependence of HE and Hc for the sample Co/GdTbFeCo.

Interesting results were observed for the sample with ZFC and FC shown in Fig. A16. It is not clear why the sample subjected ZFC has larger exchange bias and larger
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coercivity.
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Figure A1-6. FC and ZFC effect on Hc and Hb. Sample was cooled from 300 K to 50 K under 10 kOe
field.

1.2.3 Conclusion for Co/GdTbFeCo
• All the samples exhibit inplane HE at room temperature (300 K).
• To obtain HE, the sample history and the magnitude of a measuring field are crucial.
Field cool has no effect on HE for this sample. The sample can be initialized by applying an inplane saturation field. HE can only be measured with a reasonably small
inplane field.
• A saturation ﬁeld applied in the out of plane direction will result in no HE and small
Hc measured in the plane of the ﬁlm.
• The inplane GdTbFeCo “free” spins are the key to produce HE. The anisotropy of the
GdTbFeCo films is probably not big enough to keep all the spins out of the film plane.

1.3 Fe/KFeF3 model system
Limited by the space in Chapter 3, Chapter 4 and Chapter 5, more results of the Fe/
KFeF3 model system are shown here.

1.3.1 Hysteresis loops
In general, the shape of hysteresis loops for different samples depends on the
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crystallinity of KFeF3, the thickness of KFeF3, the seed layer/buffer layer and temperature
at which measurement is taken as well. Hence, one can obtain useful information about
the reversal mechanism, the quality of interface and the quality of KFeF3 of the samples
interested from the shape of hysteresis loos.
There are probably several reasons responsible for the shape difference. Firstly,
samples with single crystalline KFeF3 tend to have a narrow distribution activation
energy, therefore the hysteresis loops look more square. Secondly, temperature plays an
important role in the shape of hysteresis loop. In general, hysteresis loop tends to square
at high temperature no matter KFeF3 is single crystal or polycrystal. An example is shown
here in Fig. A1-7 for the polycrystalline sample 113 measured at 40 K in EX direction. It
behaves similarly to that of the single crystalline sample. If the coercivity at low
temperatures is due to a broad distribution of activation energies in the polycrystalline
KFeF3, then somehow the distribution appears to become narrower at high
temperature.The possible mechanism responsible for the coercivity is probably caused by
the ferromagnetic transition in the antiferromagnet KFeF3 at 40 K. Thirdly, the anisotropy
of Fe film itself accounts for the shape too. Fourthly, the thickness of Fe and KFeF3 also
affect the hysteresis loop.
1.3.1.1 Temperature dependence
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Figure A1-7. The polycrystalline sample 113 hysteresis loop obtained at 40 K. It looks very similar to that
with single crystalline KFeF3 sample.

Temperature plays also an important role in determining the shape of hysteresis loops.
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Fig. A1-8 shows the hysteresis loops for the sample 117 measured at EX at different
temperatures. At low temperature, the activation energy barriers become broad. Note the
sample has a single crystalline KFeF3 with 22.5 nm in thickness. Again, this may be
caused by the weak ferromagnetic spin canting in the KFeF3.
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Figure A1-8. The sample 117 EX FC at different temperatures. KFeF3 is 22.5 nm thick.

1.3.1.2 Thickness dependence
The thickness effect of KFeF3 is shown in Fig. A1-9 for the samples with thick KFeF3.
1

M/M s

0.5

0

-0.5
KFeF3 50 nm
KFeF3 100 nm

-1
-0.4

-0.2
0
0.2
Magnetic Field (kOe)

0.4

Figure A1-9. The samples 119 and 120 EX FC loops at 5 K. These two samples were made in pairs meaning everything is identical except the KFeF3 thickness. The sample 120 with 100 nm KFeF3 (in open
triangles) has larger HE and Hc compared to the sample 119 with 50 nm KFeF3.
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The samples with very thin KFeF3 also show large HE and Hc. Fig. A1-10 displays the
hysteresis loops obtained at different temperatures for the sample 124 which has 10 nm
thick single crystalline KFeF3.
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Figure A1-10. The sample 124 EX. KFeF3 is 10 nm thick. Seed layer is 0.45 nm. The sharp transitions are
corresponding to the seed layer.

1.3.1.3 Crystalline direction dependence
Fig. A1-11 displays the EX and HX loops measured at 5 K for the sample 124. Both
HE and Hc are different at EX and HX. Note here the seed layer coercivity is quite large
because of the large crystalline anisotropy which can be confirmed by FMR experiment
in Chapter 5. However, larger HE at HX whereas larger Hc at EX are found, which is in
contrast to the samples mentioned above. The reason is not clear.
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Figure A1-11. The sample124 EX and HX at 5K. The different Hc in EX and HX directions are due to
large anisotropies. Note the weak ferromagnetic transition may cause the loops non-square.

1.3.1.4 Thickness of KFeF3 dependence
The magnetization change shown in Fig. A1-12 indicates the weak ferromagnetic spin
canting in the KFeF3. Note here the seed layer coercivity varies a lot over different
temperatures, which is different from other samples. M vs. temperature may give a clue.
Note here the maximum applied field is 70 kOe. Compared with the normal saturation
field of less 10 kOe, the large required field is suggested to saturate the ferromagnetic
spins of the AFM. It implies that “effective anisotropy” regarding the ferromagnetic spins
from the AFM is very large. It may be accounted for the large exchange bias and large
coercivity.
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Figure A1-12. The sample 127 EX FC loops at different temperatures. KFeF3 is 250 nm thick. The
magnetization of 10 K is 50% higher than the others, indicating a ferromagnetic transition in the KFeF3.

1.3.1.5 Seed layer dependence
Fig. A1-13 shows the hysteresis loops measured at EX at different temperatures for the
sample 135. Note here, this sample does not have a seed layer and the KFeF3 is only 10
nm thick. The anisotropy in this film is large in this film due to possibly large surface
anisotropy. Defects may be transferred to Fe film due to no seed layer Fe. Both HE and
Hc are very large may be caused by the weak ferromagnetic transition in KFeF3.
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Figure A1-13. The sample 135 EX 1T FC at different temperatures. Fe 1.45 nm KFeF3 10 nm, no seed
layer. FMR shows fourfold and twofold as shown in.

1.3.2 Temperature dependence of magnetization
Temperature dependences of the sample 116 FC and ZFC at EX and HX for the single
crystal sample are shown in Fig. A1-14. Blocking temperature obtained by taking the
temperature where the FC and ZFC curves coincide is very close to the Néel temperature
112 K.
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Figure A1-14. 116 temperature dependence. Measurements were taken under zero field.

Temperature dependence of sample 121 with a thicker KFeF3 (500 nm) is shown in
Fig. A1-15. The blocking temperature obtained from Fig. A1-15 is much higher than the
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Néel temperature of the KFeF3. It is possible that some of the KFeF3 spins are still
“frozen” when the system recovers from field cooling process when temperature goes up.
Much larger relative change of magnetization for FC. Some kind of transition happens at
about 60 K, which may also be from the ferromagnetic transition in KFeF3.
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Figure A1-15. Sample 121 FC and ZFC temperature dependence.

Similar phenomenon happens for several different samples shown in Fig. A1-16,
Fig. A1-17 and Fig. A1-18.
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Figure A1-16. The sample 130 temperature dependence at HX, measured at a constant field of 10 kOe.
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Figure A1-17. The sample 114 temperature dependence shows two different stages.
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Figure A1-18. The sample 135 FC and ZFC temperature dependence at EX. Fe 1.45 nm, KFeF3 10 nm
thick KFeF3, no seed layer. FRM shows hybridation of fourfold and twofold anisotropies.

1.3.3 Time dependence of magnetization
1.3.3.1 Single crystal KFeF3
Time dependence of the sample 116 near the left-hand side coercivity (LHS, Hc1) at 5
K is shown in Fig. A1-19. All the data can be described by the Eq. 1.8.
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Figure A1-19. Time dependence of the sample 116 at 5 K.

Time dependence of sample 116 near the right-hand side coercivity Hc2 at 5 K is shown
in Fig. A1-19. It is noted that some of the data do not fit the Eq. 1.8 very well.
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Figure A1-20. The time dependence of RHS at 5 K for the sample 116.

1.3.3.2 Polycrystal KFeF3
Viscosity measurements were conducted at different temperatures for the
polycrystalline sample 113. One can see the temperature effect on the energy barrier
distribution for this sample. In general, at low temperatures, the energy barrier
distribution are broad however it becomes narrow at higher temperature (say, above 40
K). It might also suggest the weak ferromagnetic transition in the AFM has some effects
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on the different viscosity behaviour at different temperatures.
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Figure A1-21. Time dependence of the sample 113 at 5K, LHC.
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Figure A1-22. Time dependence of the sample 113 at 15K, LHC.
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Figure A1-23. Time dependence of the sample 113 at 20K, LHC.

Above 40 K, the energy barrier distribution becomes narrow as shown in Fig. A1-24,
Fig. A1-25 and Fig. A1-26. At the mean time, most of the data do not fit the Eq. 1.8 well.
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Figure A1-24. Time dependence of the sample 113 at 40 K, LHS.
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Figure A1-25. Time dependence of the sample 113 at 60 K, LHS.
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Figure A1-26. Time dependence of the sample113 at 80 K, LHS.

1.3.3.3 Time dependence of sample with ZFC
As a comparison with FC measurement shown in Fig. A1-26, Fig. A1-27 shows the
ZFC time dependent result of the sample 113 at 40 K. All the measurements can be well
described by Eq. 1.8 and the viscosity obtained at constant magnetization is reasonably
constant. It is suggesting that the energy barrier distribution in FM and AFM tends to be
broad under ZFC process.
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Figure A1-27. Time dependence of the sample 113 at 40 K. The sample was ZFC form 300 K to 40 K.

Time dependence of the sample 113 with polycrystalline KFeF3 at right-hand side is
shown in Fig. A1-28.
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Figure A1-28. Time dependence of the sample 113 at 5 K, near RHS coercivity.

1.3.3.4 Effect of KFeF3 thickness on time dependence
Time dependence of the sample 120 with thicker single crystalline KFeF3 at LHS is
shown in Fig. A1-29. It seems the energy barrier distribution becomes broad for samples
with thick KFeF3.
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Figure A1-29. Time dependence of the sample 120 at 5K. It looks the viscosity peaks at the coercivity by
taking the seed layer effect into account.

Time dependence of thicker single crystalline KFeF3 at right-hand side is shown in
Fig. A1-30.
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Figure A1-30. Time dependence of the sample 120 at 5K close RHC.

In comparison, the time dependence of the sample with 50 nm KFeF3 made in the same
substrate is shown in Fig. A1-31.
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Figure A1-31. Time dependence of the sample 119 at 5K LHC.

Time dependent for the samples 131 and 135 without seed layer (twofold component
is dominant) are shown in Fig. A1-32 and Fig. A1-33, respectively.
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Figure A1-32. Time dependence of the sample 131 at EX at 10 K.
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Figure A1-33. The sample 135 time dependence (a) 10 K and (b) 40 K.

1.3.3.5 Single crystalline Fe film without KFeF3
It is surprising to see that the time dependence of a seed Fe at left-hand side shown in
Fig. A1-34 displays a single activation energy. It also suggests the film quality is very
high and all the spins rotate coherently.
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Figure A1-34. The sample 116 seed Fe at 120 K. Evidence of single (narrow) activation energy barrier
distribution for the single crystalline Fe.

1.3.4 FMR results
1.3.4.1 Hres dependence on temperature at EX and HX
The temperature dependence of resonant fields for the seed layer and the main Fe layer
is shown in Fig. A1-35. Both the EX and HX resonant fields are linearly dependent on
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temperature however the trends are different, the EX resonant field decreases with the
decrease of temperature whereas the HX resonant field increases with the decrease of
temperature.
Fro the exchange coupled main Fe layer, not only is there a sudden drop (denoted as
rotational anisotropy) of the resonant field at both EX and HX below ~110 K but also have
the resonant fields the similar temperature dependence. In this sample, the Hrot is larger
at HX than EX.
For the following sample, however, the Hrot is larger at EX than HX although the HX
data is not completed because of some unknown reason. The difference of Hrot at EX and
HX is consistent with differences of the exchange bias and coercivity found at EX and HX
in Chapter 3.
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Figure A1-35. The samle134. Hrot at EX is larger than at HX.

In the following, the resonant field shifts down rather than up for the samples 134 and
135.
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Figure A1-36. Hres for the sample 134.
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Figure A1-37. Hres for the sample 135.
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1.3.4.2 Linewidth ΔH dependence on temperature at EX and HX
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Figure A1-38. Temperature dependence of linewidth ΔH for the sample 134.
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Appendix 2 Magnetometry, Sputterer and MBE
2.1 Magnetometry
2.1.1 Superconducting Quantum Interference Device (SQUID)
SQUID magnetometry uses a combination of superconducting materials and
Josephson junctions to measure magnetic fields with resolutions up to ~10-14 kG or
greater.152 So it is suitable for samples with very small magnetic moment, such as
ultrathin films and nanoparticles.
The SQUID magnetometer at UWA is a Quantum Design MPMS system. It can take
measurement from 1.7 - 800 K in fields up to 7 Tesla. Disadvantages: slow, field rate is
not controllable and the existence of remanent field (can be removed by quenching the
superconductor magnet.

2.1.2 Magneto-Optical Magnetometer (MOM)
A schematic of a MOM setup is shown in Fig. A2-1. The Kerr effect setup is shown in
the inset of Fig. A2-1.

Figure A2-1. Schematic of a MOM setup. Faraday effect setup and Kerr effect setup (shown in the inset).

2.1.2.1 Simplified theory
MOM is an old technique to measure magnetic material properties by the rotation of
a polarised light on transmission (Faraday effect)153 or reflection (Kerr effect)154
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from a magnetic material. A detailed theory can be found in several references.155—157
Magneto-optical techniques became active and important again since the fast
development in computer-related industries where magnetic films play a very important
role.
Magneto-Optical Kerr Effect (MOKE) is a suitable method for thin film measurement
in which the film is placed in a field source, such as, an electromagnet or a pair of coils.
Polarized light is shone onto the film. If the film is magnetic, the polarization changes due
to spin-orbit coupling within the film. The reflected beam is passed through an analyser
set close to extinction, and focused onto a photon detector. The change in the light
intensity is proportional to the change in the magnetic moment of the field and the
dielectric tensor of the film.
MOKE is an ideal method to investigate relative changes and magnetic anisotropy
although it cannot measure absolute magnetic moment. Another advantage is that it can
make very fast measurement. MOKE detects surface magnetization. This can be either an
advantage in a situation where surface magnetization is important, or a disadvantage since
the surface magnetization may not be the same as the bulk value.

2.1.3 Magnetic Field Source for MOKE
The magnetic field source in a MOM can normally be provided by an electromagnet
with coils and soft iron core or by a pair of Helmholtz coils. With an electromagnet, it can
provide a relatively large range of field (up to 2 Tesla). However, a remanent field (10s
Oe) existing in the electromagnet is hardly controllable and the field changing rate is
limited due to a large inductance. In a pair of Helmholtz coils, there is no remanent field,
the field produced is accurate, and a very wide range of field charging rate can be achieved
due to a low inductance.
In this study, the coercivity and exchange bias of the Fe/KFeF3 samples are small in
nature, a pair of Helmholtz like coils was designed and used as a field source to eliminate
remanent field for the MOKE measurement. The cross section of a Helmholtz coil pair is
shown in Fig. A2-2.
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Figure A2-2. Cross section of a Helmholtz coil pair. Bx is the magnetic field at any point on the axis of a
Helmholtz coil pair.

The axial field of a Helmholtz coil pair shown in Fig. 2-2 can be described as
following:
Pλ
B x = μ 0 -------- G
r1 ρ

(A 2.1)

where, Bx is the magnetic field at any point on the axis of the coil pair. The direction of
the field is parallel to the coil pair axis. μ0 is the permeability constant, r1 is the inside
radius of the coil pair. r2 is the outside radius of the coil pair. l1 and l2 are the distances
between inner and outer coil faces, respectively. P is the total power consumed by the coil
pair, ρ is the conductor resistivity, λ is equal to (total conductor cross section area)/(total
coil cross section area) and G is the unitless geometry factor (when x = 0, at the centre of
the coil) defined by the following expression Eq. A 2.1 :
2

2

G =

2

2

α + α + β2
α + α + β1
1
------------------------------------------------ln
---------------------------------–
ln
---------------------------------β
β
2
1
2
2
2
2π ( α – 1 ) ( β 1 – β 2 )
1+ 1+β
1+ 1+β
2

(A 2.2)

1

r
l1
l
where: α = ----2 , β 1 = ------- , β 2 = ----2
r1
2r 1
r1
Due to the limitation of a power supply With a power supply of maximum power
output 240 W (40 V-6 A), the maximum field of 330 Oe can be achieved with a good
space uniformity. Another benefit is that the pair of coils has very low reluctance and the
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driving frequency of the current in the coil could go up very high, consequently, the field
rate could be controlled up to 20 kOe/s without a major problem. The voltage across the
0.1 Ω resistor connected in series with the coils was used to monitor the current which is
also the current of the coils with little phase difference regardless the small reluctance in
the coils. As the field produced by the pair of Helmholtz coils is linearly proportional to
the current of the coils, hence the voltage across the 0.1 Ω resistor is linearly proportional
to the field as well.

2.2 Radio Frequency (RF) Magnetron Sputterer
Magnetron sputtering systems have undergone considerable development over many
years.158 RF (operating at a frequency of 13.56 MHz) magnetron sputtering is a powerful
and flexible technique which can be used to make films with a wide range of materials any solid metal or alloy and a variety of compounds. Prior to the sputtering procedure a
vacuum (normally better than 10-6 Torr) must be achieved. Then a closely controlled flow
of an inert gas such as argon (Ar) is introduced. This raises the pressure to the minimum
needed to operate the magnetron - to ignite and maintain the plasma.
The dominant charges carriers in processing plasmas are electrons which energy
distribution is typically in the range of 1 to 10 eV.158 The energies required to break
chemical bonds and/or exciting various states of molecular or atomic species are in the 0.1
to 20 eV range. It is not surprising to have a high degree of chemical activity in sputtering
systems, both in the gas phase and on the surfaces in contact with the plasma.
A magnetron consists of a plate of target with magnets arranged behind it with
alternating polarity. The schematic is already shown in Fig. 2-2 of Chapter 2. When a RF
power is supplied to the magnetron, a negative voltage is applied to the target. This
attracts argon ions to the target surface at speed. When they collide with the target surface,
atoms are knocked out of the target surface - this is sputtering. These sputtered atoms are
neutrally charged and so are unaffected by the magnetic trap (experimentally found
magnetic materials might be trapped). These sputtered atoms collide with the substrates
and form an extremely adherent film. Generally the formation of the film consists of a
four stage process, nucleation, island growth, coalescence and finally continuous
growth.158 Another important process in a sputtering process is that electrons are emitted
when an ion collides with the target surface. The light and negatively charged electrons
when they leave the surface are affected by the combination of electrostatic and magnetic
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forces and execute cycloidal motion around the magnetic field lines. When an electron of
sufficient energy collides with a neutral atom it can knock another electron out of the atom
resulting in the creation of a positive ion, ionization. This ion is attracted towards the
target surface and the whole sputtering process is repeated. As the electrons are trapped
by the magnetic field their path lengths and the degree of ionization is increased. This
increased ion density close to the target produces a high deposition rate (>500nm/minute)
and the electron trapping provides less free electrons to bombard the substrate resulting
in the ability to deposit temperature sensitive substrates.
In this study, a home made magnetron sputtering machine was employed to make Co/
CoO film by introducing oxygen (O2) into the sputtering system (reactive sputtering). The
sputterer consists of a vacuum system (sputtering chamber, mechanical rotary pump and
diffusion pump), RF power generator and a matching box which impedance is adjusted
by two tunable capacitors and a fixed inductor to match the impedance change of the
plasma, and gas control valves to control Ar and O2 partial pressure in the sputtering
chamber.

2.3 Molecular Beam Epitaxy (MBE)
MBE was developed in the early 1970s as a means of growing high-purity epitaxial
layers of compound semiconductors.159, 160 Since then it has become a popular technique
for growing films of different other materials. MBE can produce high-quality layers with
very abrupt interfaces and good control of thickness, doping, and composition. Because
of the high degree of control possible with MBE, it is a valuable tool in the development
of sophisticated electronic and optoelectronic devices. In MBE, the constituent elements
of a material in the form of molecular beams are deposited onto a crystalline substrate
(temperature controllable) to form thin epitaxial layers. The molecular beams are
typically from thermally evaporated elemental sources or other sources like electron beam
evaporator. To obtain high-purity layers, it is critical that the material sources be
extremely pure and that the entire process be done in an ultra-high vacuum (UHV)
environment. Another important feature is that growth rates are typically on the order of
a few Å/s and the beams can be shuttered in a fraction of a second, allowing for nearly
atomically abrupt transitions from one material to another.
A schematic top view of a MBE system is shown in Fig. 2-3. This system was custombuilt by Zbigniew Celinski for the University of Colorado, Colorado Springs (UCCS),
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USA.161

Figure A2-3. A schematic diagram showing the MBE system used in this study, as seen from above. The
two main chambers (growth and analysis), loadlock assembly and sample manipulator arm are labelled.
Pumps required to maintain UHV conditions are not shown in the figure.(After Celinski161)

The MBE system in UCCS consists of three main vacuum chambers: a growth
chamber, a prepare/analysis chamber, and a sample load-lock. The manipulator arm is
connected with the sample load-lock by flexible bellows. The load lock is used to bring
samples into and out of the system without destroying the vacuum of the other chambers.
Samples are loaded onto a sample holder/heater via a magnetically coupled transfer rod.
A base pressure of 10-10 Torr can be achieved by a group of ion, cryogenic and turbopumps.
The schematic of the growth chamber is shown in Fig. A2-4. The ports for Knudsen
effusion furnaces (K cells) are surrounded by a liquid nitrogen cryoshroud acting as an
effective pump for the remaining gases during growth. Molybdenum shutters are situated
level with the top surface of the cryoshroud plate to stop material from striking substrate
when it is not needed. The system is also supplied with a multipocket electron-beam
evaporator (not shown here) to evaporate different materials onto a substrate with
maximum 1 inch in diameter. When extended, the electron-beam source is positioned
directly below the substrate. Films (such as KFeF3) can grown from a source inside one
of four pockets machined into a copper block. Cooling water is also circulated within the
copper block during growth.
Two additional foil shutters (one is large and fast movable, the other is slow with
position precisely controllable) are placed between the substrate and K-cells to control
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deposition.The substrate is fully shielded by the fast-shutter during predeposition
outgassing, and this shutter is removed when film growth starts. The slow shutter is used
to partially cover regions of the substrate, which allows a sample to have different
thickness of certain material in different regions. A quartz-crystal film thickness monitor
is positioned close to the substrate to monitor the film thickness. Film growth rates and
thickness are measured with a quartz-crystal film thickness monitor, positioned close to
the substrate. The thickness monitor is cooled by cooling water to maintain a constant
temperature.

Figure A2-4. Schematic of the growth chamber configuration showing the placement of important
components (e-beam evaporator is not included). The positions of the substrate, thickness monitor and two
foil shutters are indicated.

Substrate temperature and orientation are controlled by a sample manipulator arm. The
temperature of a substrate mounted on a molybdenum backing plate is achieved using
radiative heating elements located underneath the backing plate. Temperature can be
controlled by a feedback loop between a thermocouple mounted close to the backing plate
and a heating element power supply. Metallic films are grown from high-purity granules
(such as Fe, Ag and Au) stored inside the K-cell crucible. The film growth rate is
controlled by the electrical power being delivered to the K-cells.
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A crucial component in the growth chamber is the electron gun system for the RHEED.
A Kimball Physics (EMG-12) gun is used to direct 10 keV electrons at glancing incidence
towards the substrate surface. The reflected electrons are collected at a phosphorescent
screen directly opposite the gun. The screen is viewed with a CCD camera system, which
allows real-time acquisition of RHEED patterns. The camera output is also delivered to a
PC workstation with a software for image capture and measurement of intensity
oscillations in the RHEED pattern.
The separate analysis chamber is equipped with an Auger Electron Spectroscopy
(AES) for in situ surface analysis. The AES system is primarily used for monitoring
surface contamination on the GaAs substrate during the sputter-cleaning process. Invacuo substrate preparation is carried out in the analysis chamber, which is equipped with
an Ar-ion sputtering gun. Sputter-cleaning cycles of the substrate are repeated until the
peak corresponding to oxygen measured by AES disappears.
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Appendix 3 Viscosity Theory
3.1 “Normal” magnetic viscosity
Time dependent magnetization (magnetic viscosity) is a universal phenomenon which
may be observed in all magnetic materials exhibiting hysteresis. Hysteresis occurs when
magnetization progresses through a series of metastable states. Such states are associated,
for example, with domain boundary walls when pinned at defects in the lattice, the
rotation of magnetization vectors in single domain particles etc.32 Experimental
observations of this phenomenon were reported by Rayleigh and by Ewing162 at the end
of the 19th century. The phenomenon is known as magnetic viscosity or magnetic aftereffect. Investigations of magnetic viscosity were described by Street and Woolley43 in
1948 and Née144 in 1949 and led to phenomenological descriptions of time dependent
behaviour in terms of distributions of activation energies and fluctuation fields,
respectively. Later the work of Street et al related this phenomenon to the intrinsic
properties of the magnetic materials by considering the thermal activation of different
metastable magnetization states over energy barriers.45, 46
The energy for a Stoner-Wohlfarth163 single domain particle is given by:
2

E = μ H cos θ + K u sin θ

(A 3.1)

where μ is the magnetic moment of the particle, and θ is the angle between the
magnetization vector and the easy axis of magnetization for the particle. The energy is
shown as a function of θ in Fig. 3-1. The maximum energy in Eq. A 3.1 (with θ between
0 and π)
2

(μH )
E peak = K u + --------------4K u

(A 3.2)

Therefore, the energy barrier is Eact =Epeak - Ei, with Epeak and Ei indicated in Fig. A31.
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Figure A3-1. Energy as a function of angle θ for a Stoner-Wohlfarth particle.

Estrin et al.47 developed an alternative approach by analogy with the
phenomenological description of plastic deformation of crystals. The magnet analog of
plastic strain and stress were taken as the irreversible component of intensity of
magnetization Mirr, and the internal magnetic field Hi acting on the sample, respectively.
The time dimension was introduced through Ṁ irr , the choice of which was determined
by the Arrhenius relation
E(H )
Ṁ irr ( E ) = Ṁ irr ( E 0 ) exp ⎛ – -------------⎞
⎝ kT ⎠

(A 3.3)

E(H )
ln Ṁ irr ( E ) = ln Ṁ irr ( E 0 ) – ------------kT

(A 3.4)

from which

where Ṁ irr ( E 0 ) is the rate of change of Mirr for activation energy E(H) = 0. Then the
constitutive equation of state is written in differential form:
1
dH i = --------dM
irr + Λ d ( ln Ṁ irr )
i
χ irr
where
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∂ M irr
i
χ irr = ------------∂Hi

Ṁ irr

∂Hi
and Λ = ------------------∂ ln Ṁ irr

(A 3.6)
M irr
i

The functional dependence of both the intrinsic irreversible susceptibility χ irr , and the
magnetic viscosity Λ can be determined from magnetic viscosity measurement.

3.2 Magnetic viscosity measurements
Conventionally, measurements of magnetic viscosity are carried out at a constant
applied field, i.e., during the measurements, Ḣ a = 0. The solution of Eq. A 3.5 for M as
a function of t requires the specification of the initial values of M, and k, at the origin of
time for the measurement. For simplicity, consider a specimen which has zero
demagnetization factor. Then Ḣ i = Ḣ a = 0 and the differentiation of Eq. A 3.5 leads to
Ṁ˙ irr
1
---------- = 0
Ḣ i = --------Ṁ
Λ
+
irr
i
Ṁ irr
χ irr

(A 3.7)

i

The solution of Eq. A 3.7 , assuming that Λ and χ irr are independent of M during a
magnetic viscosity experiment, is
i

M irr = M irr ( 0 ) + Λχ irr ln ( t + t 0 )

(A 3.8)

i

where Mirr(0) is the value of Mirr at t = 0 and t 0 = Λχ irr ⁄ Ṁ irr ( 0 ) . Ṁ irr ( 0 ) is the rate
of change of irreversible magnetization at t = 0.
Eq. A 3.8 may be written as48
M irr = M irr ( 0 ) + S ( 0 ) ln ( t + t 0 )

(A 3.9)

i

where S ( 0 ) = Λχ irr .
M(t) will be a linear function of ln(t) only for times of observation t » t 0 and when S
is constant over the range of values of Mirr, observed during a magnetic viscosity
measurement. Nonlinear M(t) vs. ln(t) curves arising from both these causes have been
observed.49,

50

Details about anomalous magnetic viscosity will be discussed in

Section 3.4. An expression for the parameter Λ, which has dimensions in Oersteds,
introduced in the constitutive Eq. A 3.5 may be obtained by differentiation of Eq. A 3.4
with respect to H i by
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∂ ln Ṁ irr
-------------------∂Hi

M irr

∴

1 ∂E(Hi)
= – ------ -----------------kT ∂ H i

∂E
--------∂Hi

M irr

M irr

1
= ---Λ

kT
= – -----Λ

(A 3.10)

(A 3.11)

The slope of the Mirr vs ln(t+ t0) is written S(0) to denote that it applies to
measurements on specimens with demagnetizing factor D = 0.
The parameter Λ is directly related to the field dependence of the activation energy
required to activate the irreversible domain processes responsible for magnetic viscosity
effects. The value of ∂ E ⁄ ∂ H i

M irr

is determined by the physical nature of the domain

processes involved. Expressions for ∂E/∂H for different models of magnetization
behaviour may be calculated and compared with measured values of Λ. In Néel’s model
of viscosity,44 the effects of thermal energy on magnetization were represented by a
fictitious fluctuation field Hf which is identical with the parameter Λ.

3.3 Determination of Λ from experimental data
For a demagnetizing curve is to be measured, the sample is saturated by a field in the
positive direction. Then the field is ramped to some negative value and held constant
while the magnetization over time is recorded. Fig. A3-2 shows how that the magnetic
viscosity may be obtained by measuring the time dependence of magnetization at
different constant values of applied field on both the initial magnetization (first quadrant)
curve and the demagnetization (second and third quadrant) curve.
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At M 2 : Λ = (H 3 - H 1)/(lnM 3 - ln M1)
At M 2 : χ = (M 3 - M1)/(H 3 - H 1)

M1 M2 M3

Mirr

H1 H2 H3
M3
M2
M1

0

Hi

0

Figure A3-2. Schematic of determination of Λ from experimental data.

3.4 Anomalous magnetic viscosity
Anomalous viscosity was observed by Jacobs and Kouvel164 in an exchange coupled
system in which the ordinary magnetic viscosity was influenced by the presence of a
unidirectional anisotropy. This type of magnetic viscosity has been observed too in twophase exchange-spring magnets and thin films.49 Magnetic viscosity within recoil curves
has been measured which shows a time dependence of magnetization away from the
anhysteretic curves,49 i.e. positive S.
For certain magnetic prehistories the magnetization J(t) depends non-monotonically
on time t, i.e. it can not always be described by a formula S ln(1+t/t0). Similar effects
observed for alpha -Fe, many years ago, have been called anomalous aftereffect. These
observations were attributed to the reversible aftereffect associated with the diffusion of
C-atoms in alpha -Fe. However, the reversible aftereffect is not typical for permanent
magnet materials. The anomalous aftereffect found in our investigation as well as the
effects of spontaneous remagnetization will be explained in terms of magnetic
interactions in the material.165
The nonlinear behaviour in the ln(t) law is found to arise from the distribution of
energy barriers f(ΔE) within the system, and the magnitude of the nonlinearity is governed
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by the width of the energy barrier distribution. An analytical expression based on a series
expansion in ln(t) has been derived for the change in magnetization with time.132
O’Grady et al.133 developed a theory to explain anomalous magnetic viscosity in spin
glass and other disordered system. They describe the magnetic viscosity by a logarithm
power series
n

M irr = M 0 +

∑ Ci ln ( t )

i

(A 3.12)

i=1

A theory for thermally driven time dependent magnetization processes in exchangecoupled magnetic films is presented. Competition between demagnetizing effects and
intergrain exchange coupling are shown to give rise to anomalous viscosity.34

3.5 Magnetic viscosity in this thesis
3.5.1 Co/CoO disordered system
In the Co/CoO system, despite the appearance of the unidirectional anisotropy induced
by exchange coupling, an ordinary magnetic viscosity was observed due to a possible
broad distributio of actication energy barriers arrising from the film structure.

3.5.2 Fe/KFeF3 model system
In the Fe/KFeF3 model system, however, an anomalous magnetic viscosity was
discovered. Two reasons may be responsible for this: one is that the distribution of energy
barriers is narrow in Fe/KFeF3 due to epitaxial growth of films; another is the
unidirectional anisotropy induced by exchange coupling. The sample with polycrystalline
KFeF3 shows somewhat ordinary viscosity behaviour indicating the unidirectional
anisotropy induced by exchange coupling may have a strong influence on the magnetic
viscosity in this system.
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Appendix 4 Theory of RHEED
4.1 Introduction
Reflection high-energy electron diffraction (RHEED) is an important tool of surface
science.115 RHEED is sensitive to surface changes, either due to structure changes or due
to adsorption. The equipment is simple and robust, and it instantly provides information
about a crystal surface. Diffraction techniques generally provide good measures of
average long-range order.Therefore, it is widely used as an in-situ probe to monitor the
growth of thin films both in research and in industry.115
In RHEED, a beam of energetic electrons strikes a crystal surface at a grazing
incidence to produce a diffraction pattern on a phosphor screen. The electrons are nearly
monoenergetic with a mean energy typically tens of kiloelectron-volts (10Kev in this
work). They are focused into a beam about a millimeter or smaller in diameter. Both the
incident and diffracted beams travel nearly parallel to the surface, with incident and
diffracted trajectories only a few degrees from the crystal surface. These electrons are
scattered by the periodic potential of the crystal surface, which results in a characteristic
diffraction pattern on the phosphor screen. The combination of grazing incidence and
strong electron-crystal interactions reduces the beam penetration depth to a few
monolayers. The diffracted intensity is displayed directly on a screen, with no focusing,
scanning or mechanical elements, so the information is available instantly.
Fig. A4-1 shows a schematic of a RHEED system.
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Figure A4-1. A schematic drawing of a RHEED system, with a beam of electrons coming from an electron
gun, striking the surface and forming a pattern on a phosphor screen. (http://www.hostultra.com/
~mhegazy/home.htm)

RHEED can in principle give substantial information on the average structure of a
surface, in practice its use is more limited. It is most commonly used for epitaxial systems
as a qualitative measure of surface perfection, as the more perfectly periodic the structure,
the sharper the diffraction pattern. Frequently it is used to measure the interatomic
spacings in the crystal surface. The crystal periodicity perpendicular to the incident beam
is inversely proportional to the periodicity of the diffraction spots, and this can be used to
determine the crystal orientation at the surface, to measure the lattice parameters of an
epitaxial film or to determine periodicity of a surface reconstruction.

4.2 Interpretation of some RHEED patters
Fig. A4-2 shows different RHEED pattern under different crystal configurations.
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Figure A4-2. Different possibilities of transmission-reflection diffraction through thin crystals and the
expected resulting diffraction patterns. (a) Transmission through high and wide crystal; (b) transmission
through high and narrow crystal; (c) that through short and wide crystal; (d) diffraction from nearly flat
asperities. (http://www.hostultra.com/~mhegazy/home.htm)

In conclusion, RHEED is sensitive to surface morphology. Different RHEED patterns
are shown in Fig. A4-3.
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Figure A4-3. Surface effects on the RHEED patterns. (http://www.hostultra.com/~mhegazy/home.htm)

4.2.1 RHEED oscillations and growth modes
By using RHEED it is possible to measure, and hence also to control, atomic layer
growth rates in Molecular Beam Epitaxy (MBE) growth of electronic device structures this is by far and away the most important application of the technique. The oscillation
and growth modes are shown in Fig. A4-4
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Figure A4-4. RHEED oscillations and growth modes (layer by layer growth).
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Appendix 5 Ferromagnetic Resonance (FMR)
The phenomenon of ferromagnetic resonance (FMR) is well described by Kittel.136 As
introduced in Chapter 1, FMR techniques are used to measure various anisotropy energies
used to control the magnetization direction and magnetization dynamics in thin films,
including shape, magnetocrystalline, magnetostrictive, and surface-induced anisotropy
energies in thin magnetic films and interactions between magnetic layers. Recent studies
have included investigations of exchange bias effects in ferromagnetic/antiferromagnet
bilayers, damping mechanisms, and thermal stability of multilayer spin valve films and
strong magnetostatic anisotropies induced by nanotextured substrate materials. FMR
measurements are complemented by vector vibrating sample magnetometry, SQUID
magnetometry, magnetoresistance measurements, and magnetic force microscopy.
Consider a ferromagnetic thin film, or a single domain magnetic particles in the shape
of an ellipsoid. Set the sample in a microwave cavity. Apply a uniform, static magnetic
field H which is along the z axis, a resonance is observed at a frequency given by
hω = g μ B ( H + ( N x – N z )M ) ( H + ( N y – N z )M )

(A 5.1)

This equation can be derived from a semi-classical equation of motion for the
magnetization M:
dM
--------- = γ M × Heff
dt

(A 5.2)

gμ
where γ = ------- is the gyromagnetic ratio and Heff takes into account the applied field and
h
the dipolar field. This is a classical equation of motion for the angular momentum J which
one relates to the magnetization by the quantum mechanical relation M = γ J .
The energy is as following:
1
E = – M z HV + --- ( N x M x2 + N y M y2 + N z M z2 )
2

(A 5.3)

The effective field can be derived from the above energy as follows:
g 2 μ B2
H = – g μ B J z H + ------------ ( N x J x2 + N y J y2 + N z J z2 )
2V
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by replacing the classical magnetic moment of the ellipsoid by MV of the ellipsoid by
g μ B J = MV
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(A 5.5)

